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ABSTRACT

In humans, approximately two million eccrine sweat glands are non-uniformly
distributed across almost all skin surfaces. The primary function of these cholinergically
innervated glands is to subserve thermoregulation, since sweating facilitates evaporative
cooling as body temperature increases. Nevertheless, eccrine glands also respond to
non-thermal stimulation (e.g. psychological (cognitive task, pain) and exercise stimuli),
but the control of these responses and the interactions between thermal and non-thermal
sweating are not yet totally understood. Indeed, it is generally regarded that these
sudomotor responses are limited to certain skin areas, possibly with separate neural
pathways modulating different forms of sweating. However, observations regarding this
hypothetical control are equivocal, including the possible functional relevance of
adrenergic sweating.

Accordingly, the current research focussed upon the neural control of human
sweating, with emphases on the regional distribution and local dynamics of thermallyand non-thermally-induced eccrine secretion, and on the pharmacological nature of these
responses. In this regard, a three-phase research project was designed. Firstly, extensive
whole-body mappings of both thermal and non-thermal sweating was accomplished
(Chapters 2 and 3). In the second phase, individual glands participating in these two
forms of sweat were identified at both glabrous and non-glabrous (hairy) skin surfaces
(Chapter 4). Finally, the neuropharmacological modulation of thermal and non-thermal
sudomotor responses was examined using a systemic cholinergic blockade (Chapter 5).

In a series of six experiments performed in the first phase of this investigation
(Chapters 2 and 3), we tested the hypothesis that neither thermal nor non-thermal
sweating was restricted to certain skin locations (glabrous or non-glabrous). Furthermore,
as detailed information with regard to the regional distribution of sweating within body
segments was lacking, and these data are also very useful for thermal modellers, thermal
manikin engineers and clothing designers, sweat rates were evaluated from sixty-one
distinct sites, representing forty-three regions within six body segments, namely the
ii

head, torso, hand, foot, upper and lower limbs.

Initially, thermal sweating was investigated across a wide range of thermal loads,
which included passive heating and incremental exercise in the heat. Data from these
experiments are presented in Chapter 2, which is formed by four scientific papers. In
summary, ventilated sweat capsules were used to measure secretion rates from 43 sites
distributed within the head (N=10), torso (N=10), hand (N=10) and foot (N=10). In
addition, during experiments reported in Chapter 3, non-thermal sweating (stimuli:
cognitive task and painful sensation) was examined at 38 skin sites within six body
segments in passively heated subjects (N=30), and from nine surfaces in the
thermoneutral state (N=8). In the latter trials, changes in skin conductance were used to
measure primary sweating. Studies within this Chapter were also presented in the form
of peer-reviewed papers. From this comprehensive sudomotor mapping (Chapters 2 and
3: >60 distinct sites in total), one can unequivocally conclude that sweating is a
whole-body phenomenon, regardless of the nature of its stimulation, although secretion
is far from being uniformly distributed across the skin, with significant differences
observed even within body segments (P<0.05). For instance, thermally induced
sweating ranged from 0.37 mg.cm-2.min-1 at the palm to 3.97 mg.cm-2.min-1 at the
forehead (averages across the entire experiment; Chapter 2) under identical thermal load.
In general, from a regulatory perspective, no evidence seems to exist that supports an
hierarchical configuration of sweating across the body surfaces. Indeed, higher secretion
rates at any one site would appear to merely reflect that site reaching its potential for
evaporative heat loss for the thermal stimulation to which the individual has been
exposed. Moreover, during the non-thermal sweat mapping (Chapter 3), the most
responsive segments were the head, torso, hand and foot, followed by the arm and
forearm, and with the least responsive sites located within the thigh and the leg. Although
intra-segmental variations existed within the head, upper limb and hand, these were less
evident than those observed during higher intensity (thermal) sweating. Taken together,
the present observations challenge the relevance of using an anatomical classification to
differentiate between glabrous and non-glabrous (hairy) skin while describing regional
differences in sudomotor function, as this generalisation may be too simplistic and
iii

imprecise. Furthermore, these data do not support the existence of separate neural
pathways for thermal and non-thermal sweating. Therefore, it was hypothesised that a
centrally integrated drive would account for the eccrine sudomotor responses, with nerve
impulses simultaneously sent to glands across all skin surfaces, and with the regional
distribution of sweating possibly resulting from local variations in the sudomotor
function.

Accordingly, in subsequent experiments of this investigation, the human
sudomotor function was examined at the glandular level (Chapter 4). In particular, we
wanted to see if, within a well-defined skin area, the same glands would be recruited
during thermal and psychological sweating. Colorimetry and macrophotography were
used to evaluate glandular activation at both volar and dorsal surfaces of the hand during
passive heating and a cognitive task. From these data, it was evident that large numbers
of thermally silent glands became active when a psychological stimulation was
superimposed onto thermal sweating (P<0.05; N=10), with these representing over
2,000 glands at the dorsal hand, and more than 14,000 glands at the palm (for each
hand). Whilst these additional glands may have been recruited via pathways different
from the proven cholinergic modulation of thermal sweating, we interpreted these
observations as resulting from the intermittent activation of sweat glands, as previously
reported for both thermal and non-thermal sweating, which may be explained by the
existence of a spatial summation of multiple synaptic inputs driving the gland response.

Nevertheless, the methods employed in the experiments mentioned above would
not allow one to completely rule out the possibility that separate neural pathways existed
for the different types of secretion. Indeed, as opposed to the well established cholinergic
activation of sweat glands under thermal stimulation, it has been generally regarded that
sweating is, at least in part, adrenergically mediated during psychological and exercise
stimulations. This hypothesis is intriguing, with considerable supporting evidence, such
as the demonstrated presence of adrenergic nerve terminals sparsely distributed around
the eccrine glands and the responsiveness of these glands to adrenomimetic agents.
Furthermore, the innervation for the eccrine glands is adrenergic in origin, being
iv

converted into cholinergic during early development. Finally, the coexpression of
cholinergic and adrenergic phenotypes at the sudomotor neuroeffector junction has been
recently observed.

Thus, in the final phase of this research, the neuropharmacological modulation
of sudomotor responses following thermal, psychological and exercise stimuli was
investigated, with sweating from five skin sites evaluated prior to, and following systemic
cholinergic blockade (atropine; Chapter 5). In particular, experiments were designed to
observe whether or not a systemic cholinergic blockade would fully suppress thermal and
non-thermal sweating. Isothermal clamping techniques were used to ensure that the
blockade was successfully maintained, as this has not been accomplished in some
previous studies available in the literature. In these trials, sweating was abolished at all
surfaces ~5 min following the atropine infusion, and secretion could not be
re-established by any of the non-thermal stimuli applied. Thus, our data demonstrated
that neurally mediated thermal or non-thermal human eccrine sweating is wholly
dependent on the neurotransmitter acetylcholine, providing no evidence for a functionally
relevant noradrenergic sudomotor pathway (as hypothesised by some), even though sweat
glands may respond to catecholamines.

In summary, the present investigation provides detailed information regarding the
human sudomotor function, with particular emphasis upon the regional distribution, local
dynamics, and neural control of thermal and non-thermal sweating. These data
significantly increase our understanding of human thermoregulation in general, and
sudomotor control in particular. Indeed, they constitute essential information for both
pure and applied physiology (thermal modelling, clothing design, clinical evaluations).
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND
The regulation of body temperature relies on autonomic and behavioural
mechanisms for heat conservation and dissipation, which are activated or inhibited
depending on information arising from central and peripheral thermoreceptors (Figure
1.1). This thermal feedback is centrally integrated in the preoptic posterior hypothalamus,
for heat production, and in the preoptic anterior hypothalamus, for heat dissipation
(Smiles et al., 1976; Boulant, 1981; Werner et al., 2008). In thermoneutral conditions,
vasomotor responses are sufficient to maintain body temperature relatively constant.
Nevertheless, during cold exposure, as body temperature decreases, shivering is induced
following increases in the thermo-sensitive preoptic neurons’ activity, while in hot
conditions, as body temperature increases, sweating becomes the primary autonomic
response for heat loss (Werner et al., 2008). In addition to the central thermal drive, nonthermal factors also modulate these thermoeffector responses (van Beaumont and Bullard,
1963; Kondo et al., 1999; Mekjavic and Eiken, 2006), and, in Figure 1.1, these factors
are classified as non-thermal feedback and supra-medullary inputs. Whilst both involve
non-thermal influences, the former category includes feedback, largely from peripheral
receptors (e.g. osmoreceptors, metaboreceptors, mechanoreceptors), whereas the latter
relates to processes within neural structures above the cerebral medulla. In this research,
we were interested in the impact of thermal and non-thermal factors upon sudomotor
responses.

The role of afferent signals from muscle metabo- and mechanoreceptors in
modulating sweating during exercise has been investigated in a number of studies, and
the contribution of these non-thermal factors to an increased sweat response has been
observed in mildly-heated individuals during short-term static exercise (Kondo et al.,
1997, 1999; Shibasaki et al., 2001, 2003a). Nonetheless, it seems that this modulation
is less evident when a normothermic state (non-sweating condition) precedes the nonthermal drive associated with exercise, or during dynamic exercise (Shibasaki et al.,
2006). In addition to the involvement of metabo- and mechanoreceptors, the participation
1

Figure 1.1 An overview of thermal and non-thermal factors affecting heat loss (modified
from Taylor et al., 2008).
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of osmo- and baroreceptors in sudomotor control has also been examined. It has been
demonstrated that increased plasma osmolality impairs sweat responses primarily through
elevating the internal temperature threshold for the onset of sweating (Fortney et al.,
1984; Takamata et al., 1995; Shibasaki et al., 2009). Greater oesophageal temperature
required to elicit sweating was also observed due to baroreceptor unloading induced by
application of lower body negative pressure (Mack et al., 1995, 2001) However, others
observed an unaltered sweating threshold due to baroreceptor unloading induced by either
postural changes (upright exercise versus supine exercise; Johnson and Park, 1981) or by
pharmacological agents (nitroprusside and phenylephrine; Wilson et al., 2001). Indeed,
the baroreceptor modulation of sweating still remains to be elucidated, although this
seems unlikely to take place under relatively acute unloading of baroreceptors (Shibasaki
and Crandall, 2010). Moreover, sweat secretion can be influenced by the stimulation of
nociceptors, although little is known about this pathway for driving sudomotor responses.

Supra-medullary inputs are also believed to affect sweat responses. Indeed, strong
evidence exists showing that central command modulates sweating during exercise,
although its influence is possibly attenuated when body temperature and sweat rate are
substantially elevated (Shibasaki et al., 2003b). Furthermore, increased sweating is
usually observed during the performance of cognitive or mental tasks, and under certain
emotional states (e.g. fear, anxiety), but these responses are generally regarded to be
limited to some glabrous skin surfaces (e.g. palm, sole; Ogawa and Sugenoya, 1993;
Iwase et al., 1997). While such sweating has been described as emotional (Shields et al.,
1987; Asahina et al., 2003) and mental sweating (Harrison and MacKinnon, 1966;
Homma et al., 2001), it shall be collectively described herein as psychological
(psychogenic) sweating. In these situations, the main input for sweating is also nonthermal, but the central and peripheral mechanisms driving sudomotor responses still
remain to be elucidated.

1.1.1 The sudomotor function
Sweat glands are generally divided into two different types, apocrine and eccrine,
but ‘mixed’ or apoeccrine glands have also been identified (Sato et al., 1987; Ito, 1988).
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In general, apocrine glands are very numerous in non-human mammals, whereas in
humans, these glands are restricted to few skin locations, namely the axilla, auditory
canal, eyelid, areola, around the pubic and anal regions (Homma, 1926; Woollard, 1930;
Sato, 1993). Larger than the eccrine gland, the apocrine sweat gland also differs from
eccrine glands with regard to its origin (deeper in the dermis, developing directly from
a hair follicle), neural transmission (sympathetic adrenergic innervation), and secretion
(thicker, milky, containing protein, carbohydrate, ammonia, lipids, ferric ions, and part
of the cellular cytoplasm; Sato et al., 1989; Groscurth, 2002). However, the eccrine
glands are primarily responsible for thermal sweating in humans, and also respond to
non-thermal stimuli (e.g. mental stress). Therefore, the eccrine secretion was the central
focus of the present research.

Since the importance of the sudomotor function for thermoregulation has long
been recognised, many researchers have studied the physiology of sweating, seeking
more comprehensive knowledge regarding the mechanisms underlying its control.
However, given the challenges of identifying neural tracks in humans, the precise
neurological pathways involved in this control are not fully understood (Shibasaki et al.,
2006). Accordingly, questions concerning the possible different nature of the sweating
responses from glabrous (palmar) and non-glabrous surfaces (Kennard, 1963) and the
interaction between sudomotor centres controlling thermally and non-thermally mediated
sweat secretion (Ogawa, 1975) have often been the object of study for those interested
in the modulation of human sweating. In addition, the existence of a dual innervation
(Uno, 1977) or only one type of fibre innervating the sweat glands, which coexpresses
both cholinergic and adrenergic phenotypes (Weihe et al., 2005) is also a topic of debate
within the literature. This is generally accompanied by the hypothesis that adrenergicallymediated sweat secretion might be functionally relevant, in particular during
psychological stimulation (Robertshaw, 1977) and exercise (Mack et al., 1986).

1.1.1.1 Structure of the eccrine sweat gland
In humans, 2-4 million eccrine sweat glands are heterogeneously distributed over
nearly all skin surfaces, with few exceptions such as the margins of the lips, tympanic
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membrane, nail beds, nipples, inner preputial surface, labia minora, glans penis, and
glans clitoris (Groscurth, 2002). The sweat gland is a simple tubular epithelial structure,
weighting approximately 30-40 µg (aggregate weight of all sweat glands: ~100 g), and
with sizes varying largely among individuals (range: 1.35 to 7.27 mm3 × 10-3; Sato and
Sato, 1983). Each consists of both a highly coiled secretory portion and a straight ductal
portion, with the latter fusing with the base of epidermal papillae to open via a rounded
aperture onto the skin surface (Figure 1.2 (A)). Forming the duct, there are two layers
of small cuboidal cells, the basal (outer layer) and luminal cells (inner layer), whereas the
secretory coil, which is situated in the dermis or hypodermis (2-5 mm below the
epidermis), is composed of three main types of cells, namely, myoepithelial, dark and
clear cells. A great individual variation in the secretory coil dimensions is evident, with
coil’s diameters ranging between 0.3-0.5 mm and lengths varying from 2 to 5 mm
(Figure 1.2B-D; Sato and Sato, 1983).

The clear cells are regarded to be primarily responsible for sweat secretion. These
pyramidal cells rest on the basal lamina or myoepithelial cells and have a round, large,
moderately euchromatic nucleus. The ultrastructure of the clear secretory cells is
characterised by the presence of the intercellular canaliculi, basal infolding cell
membranes, and numerous mitochondria, which is consistent the hypothesis that these
cells secrete the major components of sweat (i.e. water and electrolytes; Sato et al.,
1989). Basal infolding cell membranes are rich in sodium-potassium pump (Na-KATPase), which gives driving force to the secretion of eccrine sweat through the cotransport of sodium, potassium and chloride into and out of the gland cell. The
intracellular canaliculi emerge immediately above the basal lamina or myopithelial cells;
and open directly into the lumen of the gland. In fact, these are actually pouches made
of extensions of luminal cell membranes (Saga, 2002).

The dark cells are smaller, located closer to the lumen, highly basophilic and
thought primarily to secrete macromolecular components, although the real function of
the dark cells is still not known (Quinton, 1983; Sato et al., 1989). The presence in the
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Figure 1.2 (A) Schematic presentation of an eccrine sweat gland showing its secretory
(coil) and ductular portions (Hugdahl, 1995). ANS= autonomic nervous system. (B-D)
Variation in size of isolated sweat glands from the back of three individuals (Sato and
Sato, 1983). Sweat gland coils shown are made up of proximal duct and secretory coil.
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cytoplasm of a well-developed Golgi complex, long mitochondria (but not as many as in
the clear cells), few cisterns of rough endoplasmic reticulum, abundant free ribosomes
as well as numerous vesicles and dense granules which contain a considerable amount of
glycoproteins, makes these cells easily discernible within the secretory coil (Sato et al.,
1989; Groscurth, 2002).

Surrounding the secretory portion of the eccrine sweat glands, along the basal
lamina, are the spindle-shaped myoepithelial cells, which are believed to provide
mechanical support for the secretory coil wall, against the increased hydrostatic pressure
during sweat secretion. Furthermore, the cytoplasm of the myoepithelial cells is filled
with myofilaments, a small number of mitochondria, and these cells contract in response
to cholinergic, but not adrenergic stimulations (Sato et al., 1979; Sato et al., 1989).
However, whilst these cells were once thought to initiate sweat expulsion (Hurley and
Witkowski, 1962), the exact function of myoepithelial cells is not fully understood.

Within the sweat gland ducts, secretory and myoepithelial cells are replaced with
the basal and luminal ductal cells, which form a double layer of small cuboid cells. Cells
in the outer basal layer contain abundant mitochondria, and the entire circumferences of
their membranes display a high paranitrophenyl phosphatase activity, suggesting that
sodium-pumping occurs throughout the cell membranes (Sato et al., 1989). Therefore,
the basal cells are responsible for the reabsorption of most sodium, potassium and
chloride from the primary secretion. In contrast, in the luminal ductal cells (inner layer),
fewer mitochondria and lower paranitrophenyl phosphatase activity are observed. This
inner layer of luminal cells is connected with many desmosomes, and the apical regions
contain a marked terminal web-like cuticular border (Groscurth, 2002).

Finally, transitional cells have been described between clear and dark cells as well
as between clear cells and myoepithelial cells (Sato, 1993). Thus, there may exist a stem
cell population within the coil epithelium with the ability to differentiate into various
directions (Groscurth, 2002).
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1.1.1.2 Regional distribution of sweating
Regional differences in the human sudomotor function are frequently observed for
secretion rate, sweating onset (threshold) and sensitivity (gain) during either rest or
exercise, following thermal, psychological or pharmacological stimulation (Weiner, 1945;
Hertzman et al., 1952; Hertzman, 1957; Allen et al., 1973; Cotter et al., 1995; Kondo
et al., 1998; Cotter and Taylor, 2005). These variations in the sudomotor responses
result, in part, from local differences in sweat gland densities. In general, gland densities
are higher at the hand, foot and head, and lower at the thigh and leg, with arms and trunk
displaying intermediate densities (Kuno, 1956). This distribution pattern is also a
consequence of differences in growth rates among body segments, since the total number
of sweat glands does not appear to change throughout life (Kawahata, 1939, 1950; Kuno,
1956; Szabo, 1962). Therefore, those segments displaying higher growth (from birth to
adulthood) usually have lower sweat gland density. In Tables 1.1 and 1.2, an extensive
compilation of 36 studies available in the literature provides an overview of the regional
differences in sweat gland densities. These include information from studies in which
these variations were investigated for the total number of sweat glands present at each
skin site (anatomical studies; Table 1.1), and from experiments where local differences
in the density of active or functional glands were examined (physiological studies, with
the application of thermal, exercise or pharmacological stimulation; Table 1.2).
Anatomical and physiological (active glands) data are provided for completeness,
however, it must be noted that discrepancies exist between these numbers, sometimes
resulting in more active than inactive glands being identified. This incorrect outcome is
because researchers restricted their interests to either the histological or the physiological
domain, but did not perform both measurements. Furthermore, different individuals were
investigated across studies, invalidating direct comparisons of these data.

Regional differences in sweating can also result from variations in sweat gland
sizes (Sato and Sato, 1983) and neurotransmitter sensitivities, which will determine
differences in secretion rate per gland (Chalmers and Keele, 1952; Kondo et al., 1998).
It has been shown that not all sweat glands are activated under thermal stress (Ogata,
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Table 1.1 The anatomical distribution of human eccrine sweat glands (glands.cm-2). Data
are means derived from six studies (with 95% confidence intervals across studies). Each
study contributed one or more data sets, and these are indicated for each site in the
rightmost column.
Sites

Gland density

Data sets

Abdomen (non-specific)

141.8 (8.9)

4

Abdomen (umbilicus)

82.4 (4.6)

2

Axilla

93.3 (7.3)

4

Back (lumbar)

132.0 (77.7)

2

Back (scapula)

106.0 (13.2)

4

Chest (breast)

21.4 (3.3)

2

Chest (non-specific)

90.8 (18.8)

6

Chest (sternal)

87.6 (6.2)

2

Finger (dorsal: distal phalanx)

126.2 (20.1)

2

Finger (dorsal: middle phalanx)

259.0 (10.9)

2

Finger (dorsal: proximal phalanx)

260.5 (4.5)

2

Finger (volar: distal phalanx)

349.8 (1.5)

2

Foot (dorsal)

155.0 (19.8)

6

Foot (plantar)

293.9 (52.7)

5

Forearm (dorsal)

107.6 (13.9)

4

Forearm (ventral)

158.7 (17.8)

8

Hand (dorsal)

176.0 (26.2)

5

Hand (palmar)

241.0 (46.8)

4

Head (cheek)

112.8 (31.9)

4

Head (chin)

122.3 (17.7)

5

Head (ear)

140.0 (---)

1

Head (eyebrow)

60.8 (4.8)

4

Head (eyelid)

190.0 (---)

1

Head (forehead)

155.0 (---)

2

Head (nose)

155.0 (---)

1

9

Head (scalp: hairy surface)

194.6 (17.2)

4

70.0 (---)

1

Head (upper lip)

131.5 (9.4)

3

Leg (lateral)

115.2 (13.3)

3

Leg (medial)

113.6 (11.3)

5

Neck (non-specific)

126.4 (39.0)

5

Pelvic (buttock)

112.5 (14.0)

4

Pelvic (groin)

190.0 (---)

1

Pelvic (pubic)

110.7 (10.4)

3

Pelvic (scrotum)

46.0 (66.6)

2

Thigh (anterior)

120.5 (10.9)

5

Thigh (lateral)

102.3 (4.7)

3

Thigh (medial)

89.3 (---)

1

Thigh (posterior)

31.0 (---)

1

Toe (volar: distal phalanx)

540.0 (---)

1

Upper arm (dorsal)

102.0 (11.5)

3

Upper arm (ventral)

93.6 (13.4)

5

Head (scalp: non-hairy surface)

Notes: (a) Sources: Krause (1844), Glaser (1934), Szabo (1967), Garcia
et al. (1977), Cauna (1980), Hwang and Baik (1997). (b) Calculations:
Glandular density for each region was derived as: regional density =
((N1*density1) + (N2*density2) + ... (Ni*densityi)) / NTotal (where: N is the
sample size and subscript numerals refer to separate studies).
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Table 1.2 The distribution of physiologically active, eccrine sweat glands in humans
(glands.cm-2). Data are means derived from 30 studies (with 95% confidence intervals
across studies). Each study contributed one or more data sets, and these are indicated for
each site in the rightmost column.
Sites

Gland density

Data sets

Abdomen (non-specific)

102.5 (2.8)

19

Back (lumbar)

107.1 (4.0)

19

Back (scapula)

100.3 (2.7)

34

Chest (non-specific)

94.4 (2.7)

30

Finger (volar: distal phalanx)

531.9 (13.0)

14

Foot (dorsal)

119.0 (41.4)

9

Foot (plantar)

496.8 (41.5)

4

Forearm (dorsal)

125.4 (16.5)

4

Forearm (ventral)

102.5 (3.0)

41

Hand (dorsal)

166.5 (14.0)

14

Hand (palmar)

304.7 (47.0)

5

Head (cheek)

59.0 (4.8)

8

Head (forehead)

223.0 (6.7)

21

Head (nose)

65.9 (11.5)

2

Head (upper lip)

16.3 (---)

1

Leg (lateral)

45.3 (8.4)

7

Leg (medial)

61.9 (4.8)

17

Pelvic (buttock)

36.7 (6.1)

6

Thigh (anterior)

72.1 (2.1)

24

Thigh (lateral)

76.3 (7.5)

11

Thigh (medial)

43.1 (6.0)

8

Toe (volar: distal phalanx)

526.3 (---)

1

Upper arm (dorsal)

60.0 (---)

1

Upper arm (ventral)

92.4 (3.8)

20

Notes: (a) Clark and Lhamon (1917), Ogata (1935), Randall (1946),
Gibson and Shelley (1948), MacKinnon (1954: author’s calculation error
11

corrected), Thomson (1954), Collins et al. (1959), Hellon and Lind
(1956), Silver et al. (1964), Ojikutu (1965), Peter and Wyndham (1966),
Sargent and Weinman (1966), Juniper and Dykman (1967), Toda (1967),
Bar-Or et al. (1968), Knip (1969), Roberts et al. (1970), Sato and
Dobson (1970), Knip (1972), Willis et al. (1973), Schaefer et al. (1974),
Catania et al. (1980), Inoue et al. (1991), Inoue et al. (1999), Kondo et
al. (1998), Buono (2000), Kondo et al. (2001), Inoue et al. (2005), Welch
(2009), Madeira et al. (2010).
(b) Calculations: Glandular density for each region was derived as:
regional density = ((N1*density1) + (N2*density2) + ... (Ni*densityi)) /
NTotal (where: N is the sample size and subscript numerals refer to separate
studies).
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1935; Thomson, 1954), and, in addition, that the activity of each sweat gland varies
greatly (Nishiyama et al., 2001). Indeed, Nishiyama and colleagues (2001), using
videomicroscopy, investigated the recruitment of sweat glands from a small surface of
the sole of the foot (0.06 cm2-area: 19 to 32 sweat glands), during psychological
stimulation (painful sensation), and they observed an irregular activation of individual
sweat glands, with active, less active and inactive glands being distinguished, confirming
previous suggestions by Kuno (1956). Furthermore, their observations indicated that
differences in thresholds accounted for quantitative variations in activation state, and that
such fluctuations in state are also detected (over time) for a single gland if the stimulation
is continued (Nishiyama et al., 1994). As a single gland is innervated by multiple
sympathetic fibres, and a single postganglionic sudomotor neuron controls several sweat
glands (Kennedy et al., 1994), the authors suggested that those fluctuations possibly
result from a summation of synaptic input from multiple sudomotor units, but
mechanisms intrinsic to the sweat glands may also be involved. Therefore, several
mechanisms are likely to participate in the differentiation of sudomotor responses from
various skin surfaces, and these may also account for inter- and intra-regional variations
in sweating induced by different stimuli (thermal and non-thermal).

Under steady-state, resting conditions, thermal sweat secretion has been found to
generally be greatest on the forehead, and least on the arms (Hertzman et al., 1952),
hands (Weiner, 1945) or chest (Park and Tamura, 1992). Low-to-moderate secretion rates
have been also observed from the thigh in such investigations. Nevertheless, great
individual variations in secretion rates are often reported, making the determination of
a well-defined regional distribution of sweating somewhat difficult. In addition, the
distribution of sweating may be modified by changes in gland function accompanying
postural changes (Ferres, 1960; Ogawa, 1984; Park and Tamura, 1992) and heat
acclimation (Höffler, 1968; Schvartz et al., 1979; Cotter et al., 1997; Patterson et al.,
2004). However, even though these influences may prevent the determination of a more
definite sweating distribution pattern across many skin surfaces, a caudal-to-rostral
pattern for sweat onset has been generally observed in resting, supine subjects (Randall
and Hertzman, 1953), but this was not confirmed during upright exercise (Cotter et al.,
13

1995). Furthermore, notwithstanding the existence of considerable amount of information
regarding sudomotor differences across body segments, prior to the current investigation,
there was still a paucity of data pertaining to variations in sweating within body segments.
This more detailed information will certainly increase our understanding of the human
sudomotor function, in particular, and thermoregulation, in general. In addition, these
data will contribute with advances in mathematical and manikin-based thermal modelling,
as these depend on precise physiological information.

In addition, the majority of experiments dealing with the regional distribution of
sweating focussed on thermally-induced sweat secretion, and, unfortunately, little is
known with regard to differences in non-thermally mediated sweating among body
segments. In general, only few (glabrous) skin areas are regarded to increase sweat
secretion due to mental or emotional stimulation in a normothermic condition, although
in the presence of prior thermally induced secretion, this type of non-thermal sweating
seems to be induced in other body regions as well (Kennard, 1963). Indeed, several
decades ago, Kuno (1934, 1956) postulated that sweat production due to mental
arithmetic occurs only at the glabrous skin surfaces of the palms and soles at ordinary
room temperatures up to 26.2oC, but at moderately higher room temperatures, this
mentally induced sweat secretion is also observed over the whole body. Then, as room
temperature increases, palmar/plantar sweating is suppressed, and, finally, at very high
temperatures (46oC), mental arithmetic exerts an inhibitory effect on sweating from both
glabrous and hairy regions. Although differences in sudomotor responses from hairy and
glabrous skin surfaces have been generally reported in the literature (Bini et al., 1980a,b;
Okamoto et al., 1994; Saad et al. 2001), including the observation that only partial
synchronisation take place between the sweat expulsions (neural output) reaching these
sites (Ogawa et al., 1977), Kuno's hypotheses have not yet been thoroughly tested.
Indeed, the understanding of the interaction between thermal and non-thermal sweating
is essential when studying sympathetic skin response in both physiological and
pathological conditions (Vetrugno et al., 2003).

To our knowledge, Allen et al. (1973) completed the most comprehensive study
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regarding the regional distribution of psychological sweating using continuous records
of body mass changes to compute sweat losses. In addition, plastic bags were used to
separately evaluate sweating from four body regions, namely, the head (head and neck),
trunk, limbs (arms and legs) and extremities (hands and feet). Generalised (whole-body)
sudomotor responses were observed during mental arithmetic performed at either 26oC
or 29oC. Thus, these observations seemed to contradict Kuno's (1956) statement, in
particular if one assumed that the participants were in the thermoneutral state prior to the
application of the cognitive task, as suggested by the authors (Allen et al., 1973).
However, unfortunately, the lack of precise information on the subject’s body
temperature and sweating status prior to the application of the psychological stimulus
precluded a conclusive interpretation of their data. Moreover, the methods employed in
those experiments prevented the separate analysis of sudomotor responses from glabrous
and non-glabrous skin surfaces.

Therefore, in the first phase of the current research, experiments were designed
to provide a comprehensive mapping of localised differences in eccrine sweating under
both thermal and non-thermal stimulation. Highly sensitive techniques were used to
evaluate the sudomotor responses during well-controlled trials. In the second and third
phases, localised variations in sudomotor function were further examined, with emphases
on individual glandular recruitment patterns from glabrous and non-glabrous skin sites
during thermal and psychological stimulations, and on the neuropharmacological
modulation of these sweating responses.

1.1.1.3 Control of eccrine sweating
Descriptions of the innervation of sweat glands have been attempted since late
1800s (Ott, 1878; Langley, 1891), but the first direct evidence of the nature of the nerve
fibres innervating these glands was provided by the classical experiment of Dale and
Feldberg (1934). These authors examined sweat glands from the cat’s footpad, and
demonstrated the presence of cholinergic innervation for these glands, with acetylcholine
as the neurotransmitter secreted by the sympathetic nerves. In a series of very interesting
experiments in humans, List and Peet (1938a-c) evaluated sweating responses associated
15

with lesions of the peripheral nerves, sympathetic chain or the spinal cord, and identified
the (anatomical) origin of the preganglionic fibres innervating different regions of the
body. In these classical studies, they also investigated sudomotor responses to cholinergic
agonists (pilocarpine and methacholine) in healthy individuals, and it was evident that
both pilocarpine and methacholine acted only peripherically, as no effect of these drugs
was apparent on the central nervous system. Since then, the cholinergic modulation of
sweating has been further confirmed by anatomo-histological (Uno, 1977, Donadio et al.,
2006), and pharmacological experimental data (Kahn and Rothman,1942; Janowitz and
Grossman, 1950; Sato and Sato, 1981), and its functional relevance recognised and
unequivocally associated with thermally induced sweat secretion (Chalmers and Keele,
1951; Craig, 1952; MacIntyre et al., 1968; Kolka et al., 1986).

Whilst the exact central and peripheral pathways involved in the sweating control
have not yet been completely elucidated, it is generally regarded that the efferent
sudomotor pathway originates in the cerebral cortex or hypothalamus (depending on the
type of stimulus for sweating (e.g. psychological or thermal stress)), with preganglionic
myelinated fibres passing through the medulla, crossing the lateral horn of the spinal
cord, and reaching the sympathetic ganglia, from which (postganglionic) unmyelinated
type-C fibres that end around the sweat glands arise (Sato et al., 1989; Groscurth, 2002).
Nevertheless, early observations (Kuno, 1934, 1956; Chalmers and Keele, 1952)
indicated that different pathways may drive thermal and psychological (mental) sweating,
with the former occurring at most skin surfaces, and the latter expected to be confined
to the palms and soles. Furthermore, the existence of different centres controlling these
thermally- and non-thermally-mediated sweating responses has been suggested, with both
facilitatory and inhibitory interactions possibly occurring between these (parallel) neural
pathways (Ogawa, 1975; Ogawa et al., 1977; Iwase et al., 1997). This hypothetical
model for the functional modulation of the human sudomotor function forms the basis of
the currently accepted dogma with regard to this control (Iwase et al., 1997; Vetrugno
et al, 2003), and is illustrated Figure 1.3. Indeed, it is possible that distinct nuclei within
the central nervous system are likely to be involved in the modulation of these sudomotor
responses. However, although it is well established that the centre for the thermal
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sweating resides within the anterior hypothalamus, the neural centre(s) mediating
psychological secretion have not been thoroughly identified, nor has the interaction
between these centres been clarified (Ogawa, 1975; Ogawa et al, 1977).

Since correlations appear to exist between electrodermal responses (which reflect
the sweat glands activity) and the activity of brain areas such as the cingulate gyrus,
primary motor cortex, hippocampus, amygdala, and medial frontal cortex area (Hazlett
et al., 1993; Mangina and Beuzeron-Mangina, 1996; Fredrikson et al., 1998), it is
possible that several brain structures participate in psychological sweating. Unfortunately,
precise information with regard to the (central) origin of this sudomotor response is very
scarce, in particular in humans. Using electroencephalographic dipolar tracing technique,
Homma et al. (1998) observed that the frontal cortex, the hippocampus or the amygdala
were activated in two healthy subjects during psychological stimuli (mental aritthmetic
and recall questions), and palmar sweating simultaneously increased. In further
experiments, they confirmed that the hippocampus was indeed activated during
psychological sweating in three individuals (Homma et al., 2001). In addition, after
examining the sweat response from the palm of a patient with bilateral focal amygdaloid
lesions, Asahina et al. (2003) suggested that the amygdala plays an important role in
psychological sweating. In summary, this patient’s palm displayed no sweating up to two
months following the illness onset, but when neurological improvement occurred (due to
a diminution of amygdala lesions), sweat secretion was evident at the glabrous surface
of the hand during non-thermal stimulation. Nevertheless, the participation of the
amygdala in the modulation of sweating was not evident in other case reports (Lee et al.,
1988; Tranel and Damasio, 1989). Therefore, whilst evidence exists for the involvement
of the cerebral cortex and regions within the limbic system in the modulation of
psychological sweating, the exact central pathways driving this response are not yet
elucidated.

Furthermore, some have proposed the participation of adrenergic mechanisms in
the sudomotor responses to non-thermal stimuli, in particular, during psychological
sweating generally observed at the palm (Robertshaw, 1977; Nagazato et al., 2004) and
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Figure 1.3 Hypothetical mechanisms for the neural control of human eccrine sweating
during thermal and psychological (psychogenic) stress. This model was modified from
that proposed of Iwase et al. (1997), based upon observations from Chalmers and Keele
(1952), Ogawa (1975) and Ogawa et al. (1977). Symbols: + = excitatory pathway; - =
inhibitory pathway.
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during exercise (Terada, 1966; Robertshaw et al., 1973, Mack et al., 1986). Indeed,
whilst the cholinergic innervation of sweat glands is well established, with acetylcholine
as the main neurotransmitter secreted from the sympathetic nerve surrounding the eccrine
glands (Chalmers and Keele, 1952, Donadio et al., 2006), these glands are also activated
by local administration of adrenergic agonists (Haimovic, 1950; Warndorff and Neefs,
1971). In addition, the existence of adrenergic terminals innervating eccrine glands has
already been reported, although these appeared to be very sparsely distributed (Uno and
Montagna, 1975; Uno, 1977; Donadio et al., 2006).

Sweat response to adrenaline is usually less marked, but quicker, than that to
acetylcholine, implying the possible existence of different mechanisms for the effects of
adrenaline and acetylcholine on the sweat gland (Warndoff and Neefs, 1971; Sato et al.,
1989). Although, such responsiveness could be associated with either neural or humoral
mechanisms. Indeed, it has been demonstrated that the electrochemical driving forces
generated by $-adrenergic agonists (exclusive activation of a cAMP1-dependent CFTR2
Cl- conductance) are significantly smaller compared to those generated by cholinergic
agonists (activation of calcium-dependent chloride as well as potassium conductances;
Shamsuddin et al., 2008), which could explain the differences in dynamics between
chollinergically and adrenergically induced sweat secretion. Furthermore, the failure of
atropine in inhibiting adrenergically stimulated sweating indicates that the role of
adrenergic mechanisms in the control of sweat gland activity is not co-activate with
acetylcholine (Wolf and Maibach, 1974). In theory, a dual innervation, consisting of
separated adrenergic and cholinergic fibres, can exist, or there may be only one type of
fibre present, but with an adrenergic as well as cholinergic step in the neuroglandular
junction. Uno (1977), using histofluorescence and electron microscopic observation of
pharmacologically manipulated nerve terminals, described a dual cholinergic and
adrenergic innervation of sweat glands, with a predominance of cholinergic terminals,
and few adrenergic terminals innervating the sweat glands of humans and macaques. The

1

cAMP = cyclic adenosine monophosphate

2

CFTR = cystic fibrosis transmembrane conductance regulator
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presence of this sparse adrenergic innervation to human eccrine sweat glands was recently
confirmed by Donadio et al. (2006) using immunofluorescent techniques. On the other
hand, others found no evidence to support the existence of adrenergic innervation to
human sweat glands (Chalmers and Keele, 1951; Foster and Weiner, 1970). Therefore,
the impact of adrenergic pathways, and the influence of catecholamines (circulating or
centrally originated) on the control of human sweating still remains a puzzle, and, thus
the functional relevance of the adrenergic eccrine sweating is still to be determined.

Perhaps, the key to understanding a possible dual innervation of sweat gland lies
in early development, since animal studies revealed that sweat gland innervation is
adrenergic in origin, being transformed into cholinergic fibres during postnatal
development (Landis et al., 1988; Guirdy and Landis, 1998a). For this conversion
process, it is been proposed that the interaction with the target tissue (gland) triggers the
acquisition of the cholinergic phenotype by the neurons innervating the sweat gland
(Stevens and Landis, 1987; Habecker and Landis, 1994; Guirdy and Landis, 1998b), or,
instead, that the neuron-gland contact stimulates the functional switching of chemical
phenotypes via amplification (successive stabilisation) of pre-existing cholinergic
expression in some neurons, and down-regulation in others (Schutz et al., 2008). If the
cholinergic phenotype is indeed acquired (and not amplified) following the neuronal
interaction with the gland, then a cholinergic-differentiation factor responsible for altering
the transmitter properties of sweat gland neurons must exist in this organ. Following this
model, it was suggested that catecholamines would be a likely candidate to regulate the
production of this differentiation factor by sweat glands (Habecker et al., 1995).
However, the role of catecholamines in the appearance of cholinergic properties in the
sweat gland innervation does not seem evident (Tsahai Tafari et al., 1997), although
catecholamines may be necessary to trigger the final maturation of the sweat glands, and
to induce secretory responsiveness (Tian et al., 2000). Therefore, these processes,
possibly occurring during early development, might help one to explain the residual sweat
gland responsiveness to adrenergic transmitters.

Recently, Weihe et al. (2005) postulated that the autonomic control of sudomotor
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function is based on co-release of norepinephrine and acetylcholine at the sudomotor
junction. Using confocal double-immunofluorescence microscopy, and highly specific
polyclonal antibodies, they observed that neurons that innervate adult human sweat gland
co-expresses all of the proteins required for full adrenergic function (in addition to
cholinergic). Thus, their data indicated that a functional co-transmission of acetylcholine
and norepinephrine can occur at the sweat gland. This is very different from the classical
and mutually exclusive mode of expression of adrenergic and cholinergic traits. This cotransmission mechanism conflicts with previous interpretation that functional adrenergic
innervation of sweat glands would be parallel to the cholinergic pathways. Thus, although
it is possible that human sweat gland possesses a single type of sympathetic innervation,
which is both cholinergic and adrenergic, the precise role of these pathways in the control
of sudomotor function, and the mechanisms associated with this modulation, have not yet
been defined. Indeed, after work from Weihe et al. (2005), one may now regard the
adrenergic sweating (possibly including nonthermogenic or psychogenic sweating) in
terms of coordinated differential catecholamine and acetylcholine secretion at both
sudomotor and vasomotor neuroeffector junctions in the skin under sympathetic control.

Unfortunately, a review of the literature dealing with the influences of various
drugs on thermal and psychological sweating reveals important difficulties in quantitative
comparison due to the great variety in methods of drug administration, stimuli used and
response evaluation. In addition, there is a great variability in response of particular skin
regions on which observations have been made. Accordingly, it is possible that many
pharmacological effects have been missed due to insensitivity of techniques employed,
and that many subtle variations in sweat secretion have not been noticed because of the
selection of the skin site from where it was investigated or due to variations in the stimuli
used. Furthermore, particularly in studies in which pharmacological blockades were
performed, contrasting results have been reported due to, perhaps, lack of confirmation
of the establishment of the blockade in some experiments. Indeed, as the most frequently
used cholinergic antagonists (atropine and hyoscine) block sweat secretion by competing
with the neurotransmitter at the gland receptors, increments in the thermal drive (body
temperature) may lead to the observation of residual sweating if the antagonist dosage
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is not proportionally increased. Unfortunately, it seems that in many experiments
involving these blockades, the maintenance of a constant thermal drive was not
necessarily accomplished, neither the blockade dose increased to match the change in
body temperature (Craig, 1952; Goldsmith et al., 1967; Kolka et al, 1989). As a
consequence, some have observed full inhibition of sweating following administration of
cholinergic antagonists (usually atropine), as opposed to a partial suppression also
observed using the same agents, and this may have led to contrasting interpretations with
regard to the neural modulation of sudomotor responses (see Chapter 5 for details).

Therefore, the current research was designed to investigate the control of human
eccrine sweating, with considerations on the regional distribution and individual sweat
gland recruitment patterns during both thermal and non-thermal sweating, and on the
pharmacological modulation of these responses, using very sensitive techniques to
measure sweat secretion from several glabrous and non-glabrous surfaces in standard and
well-controlled trials.

1.2 PURPOSES AND HYPOTHESES
The principal focus of the current series of investigations centred on the neural
control and regional distribution of human eccrine sweating. In this regard, a three-phase
research project was elaborated.

1.2.1 Regional variations in thermally and non-thermally mediated sweating
The first phase of this research is comprised of a series of six experiments
designed to investigate regional differences in thermally and non-thermally mediated
sudomotor responses from various glabrous and non-glabrous (hairy) skin surfaces
(Chapters 2 and 3). The principal aim was to provide a comprehensive, whole-body
mapping of both thermal and non-thermal sweating. In general, the following hypotheses
were tested:

Hypothesis one: Neither thermal nor non-thermal sweating will be uniformly distributed
either among or within body segments.
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Hypothesis two: Neither thermal nor non-thermal sweating will be restricted to either
glabrous or non-glabrous skin surfaces.
Hypothesis three: Reciprocal inhibition of sweating will take place between thermal and
psychological stimulations.
Hypothesis four: Facilitation (potentiation) of non-thermally mediated sudomotor
responses will occur during thermal stimulation.

To test these hypotheses, and also to accomplish a detailed description of interand intra-segmental variations in thermal and non-thermal sweating, sudomotor responses
were evaluated across a wide range of thermal loads (at rest and during exercise), and
also following the application of two non-thermal stimuli (cognitive task and painful
sensation). In addition, the impact of these non-thermal influences on sweating was
evaluated during passive heating and in the thermoneutral state, with and without the
presence of pre-established sweat secretion.

1.2.2 Identification of individual sweat glands recruited during thermal and
psychological stimulation
In the second phase of this study (Chapter 4), localised differences in sweating
were further examined, with individual glandular recruitment patterns following thermal
and psychological loadings being investigated. The objective was to identify each sweat
gland recruited within a specified skin site during these stimuli. Trials were designed to
test three hypotheses:

Hypothesis one: Within a skin region (glabrous or non-glabrous), the same sweat glands
will be recruited during both thermal and psychological stimuli.
Hypothesis two: During psychological stimulation in the thermoneutral state, sweat
glands will not be activated on the dorsal surface of the hand.
Hypothesis three: During low-intensity thermal stress, sweat glands will not be activated
on the palm.

To evaluate hypotheses one to three, individual functioning eccrine glands were
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identified using high-resolution, macro photography. Observations were made on active
glands from one glabrous (palm) and one non-glabrous skin surface (dorsal hand) during
either passive heat loading or psychological stimulation (mental arithmetic).

1.2.3 Cholinergic blockade of thermally and non-thermally mediated sweat secretion
In the last phase of this investigation (Chapter 5), the neural control of human
eccrine sweating was revisited, with particular emphasis upon the pharmacological nature
of neurotransmission during both thermal and non-thermal stimulation. In the current
study, we investigated whether or not neural pathways other than the proven cholinergic
innervation (acetylcholine) might participate in the modulation of sweating induced by
thermal, psychological and exercise stimuli, as some have suggested a possible functional
relevance of (neurally mediated or humoral) adrenergic sweating during these stimuli
(Robertshaw, 1977; Mack et al., 1986). The two working hypotheses tested were:

Hypothesis one: A systemic cholinergic blockade (atropine) will completely suppress
thermally induced sweating.
Hypothesis two: A systemic cholinergic blockade (atropine) will partially inhibit
sweating during psychological and exercise stimuli in isothermally clamped individuals.

These hypotheses were tested by comparing sudomotor responses during passive
heating, psychological stimulation (cognitive task and pain sensation) and static exercise
(handgrip) prior to, and following systemic administration of an anticholinergic drug
(atropine). As atropine acts (competitively) on the sweat gland muscarinic receptors, and
thus, it does not prevent the release of the neutrotransmitter by the pre-synaptic neuron,
the impact of this blockade on sweating was investigated in isothermally-clamped
individuals to guarantee that it was not overcome by a greater release of acetylcholine at
the neuroeffector junction due to further increments in body temperatures. This procedure
was essential, but, unfortunately, it was not necessarily accomplished in the previous
experiments performed by others (Craig, 1952; Goldsmith et al., 1967; Kolka et al,
1989), in which residual sweating was still observed during a cholinergic blockade.
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CHAPTER 2: MAPPING THE HUMAN SUDOMOTOR FUNCTION - LOCAL
VARIATIONS IN THERMALLY INDUCED SWEAT SECRETION 1
In the first phase of this three-phase research, an extensive description of regional
differences in sweating was accomplished. In the experiments reported within this
Chapter, local variations in thermal sweating were examined. Indeed, as data available
in the literature regarding this distribution were obtained using very different methods,
it was considered essential to examine such differences using a standard and very
sensitive technique (capacitance hygrometry with ventilated sweat capsules) during a
standardised protocol. In addition, since information with regard to intra-segmental
differences in sweating was lacking, this was a particular focus of the current
experiments. Accordingly, sweat secretion during exercise-induced hyperthermia was
investigated in four separate studies, with sweat rates from forty-two discrete skin sites
evaluated in forty healthy subjects. Intra-segmental variations were described within the
head, torso, hand and foot.

In the following sections, these four studies were presented, with text reproduced
directly from four scientific papers completed as part of this dissertation. Three of these
manuscripts are already published (Sections 2.1-2.3), and the remaining paper is
currently under review (Section 2.4). Furthermore, it is important to note that the latter
manuscript resulted from a collaborative work with scientists from the Loughborough
University (UK), and it included a relevant discussion about the differences between two
frequently used techniques to measure sweating.

1

The text within this chapter was reproduced directly from four manuscripts, completed as part of this
dissertation. References details for these papers are provided in each section.
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2.1 LOCAL DIFFERENCES IN SWEAT SECRETION FROM THE HEAD
DURING REST AND EXERCISE 2
2.1.1 Introduction
Eccrine sweat glands are found over virtually the entire surface of the human
body. However, the density of these glands is not uniform, and we know very little
concerning the number of active sweat glands, or the sweat rate per gland within different
body segments. Although gross differences in the sweat secretion among different body
segments have already been reported (Weiner, 1945; Hertzman, 1957; Cotter et al.,
1995), there is a gap in the literature concerning local differences in sweat secretion
within most body segments.

Many studies have evaluated forehead sweating, and it is now widely known that
this site has one of the highest sweat gland densities, and usually has a greater sweat
response than all other body segments during thermal loading (Hertzman et al., 1952;
Szabo, 1962; Cotter et al., 1995). Nevertheless, one should not assume that forehead
sweating adequately represents sweat secretion from the entire head, since this has not
yet been thoroughly investigated. Furthermore, it is generally regarded that glabrous
(non-hairy) surfaces are more responsive to psychological (mental and emotional) stimuli,
and that non-glabrous (hairy) regions are more sensitive to thermal stress, although
increases in sweating due to thermal and non-thermal stimulation have been observed in
both types of skin (Ogawa et al., 1977; Ogawa, 1984). Thus, one might reasonably
expect to observe differences in sweat secretion from the hairy and non-hairy skin
surfaces of the head during thermal loading. With this background, we undertook the
measurement of sweat rates from ten sites on the surface of the head.

The importance of the head in dissipating body heat, and the prevention of
excessive thermal strain under uncompensable thermal conditions, has been well
recognised (Desruelle and Candas, 2000). Despite its small surface area (6-7% of body
2

Machado-Moreira, C.A., Wilmink, F., Meijer, A., Mekjavic, I.B., and Taylor, N.A.S. (2008). Local
differences in sweat secretion from the head during rest and exercise in the heat. European Journal of
Applied Physiology. 104:257-264.
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surface area; Hardy and DuBois, 1938), cooling the head can elicit significant reductions
in thermal strain (Nunneley et al., 1982). Indeed, it has been established that this body
segment is highly responsive to locally-applied thermal stimuli (Cotter and Taylor, 2005).
The large relative surface area to mass ratio of the head, in combination with its
cutaneous vasculature, facilitates heat loss, which is significantly higher than reported
from other body segments when normalised to surface area (Froese and Burton, 1957;
Clark and Toy, 1975; Rasch et al., 1991). Furthermore, the relative importance of the
head for heat dissipation increases when clothing is used. Unfortunately, the use of
headwear can dramatically reduce heat loss due to altered dry and evaporative heat
transfers.

Mathematical and manikin-based modelling of human thermoregulation represent
valuable research tools. However, the utility of such methods is entirely dependent upon
the precision of the physiological data upon which they are based. Since we currently lack
a detailed description of the intra-segmental sudomotor responses during passively- and
exercise-induced thermal loads, then these modelling tools remain imprecise. For
example, Liu and Holmer (1995) used a head manikin to assess the evaporative heat
transfer characteristics of five industrial safety helmets, but a uniform sweat secretion was
assumed to exist over the entire head surface. More recently, Brühwiler (2003) developed
a headform that consisted of three separately-heated areas, that also had the capacity to
mimic different sweat rates. Unfortunately, precise information about localised sweat
secretion rates within the head was not available for use within this manikin.

In this study, we focussed on the distribution of sweat secretion from nine nonglabrous skin surfaces of the scalp, and the forehead, in shaved male subjects. Thermal
strain consisted of passive heating (water-perfusion garment) and incremental cycling in
a hot and humid environment. The observations from this experiment contribute to our
understanding of human thermoregulation in general, and sudomotor control in particular.
In addition, such information forms important background knowledge for the
development of thermal (head) manikins and for the design of headwear.
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2.1.2 Methods
2.1.2.1 Subjects
Ten healthy and physically-active males (25.5 y (SD 2.7); 74.8 kg (SD 8.4); 1.79
m (SD 0.09)) were exposed to passive heating and exercise, consisting of incremental
cycling performed in a climate-controlled chamber (36oC, 60% relative humidity, wind
speed <0.5 m.s-1). Subjects wore a whole-body, water-perfusion suit provided with
water at 46oC for the entire trial. Procedures were approved by the Human Research
Ethics Committee (University of Wollongong), and fully explained to the subjects prior
to the provision of written, informed consent.

2.1.2.2 Procedures
None of our subjects was naturally bald, and each was shaved completely on the
day of each experiment. Subjects were then instrumented (thermistors and sweat capsules
attached) and dressed in a water-perfusion suit, before entering a climate-controlled
chamber. Exercise started after a 30-min period of seated rest, during which heated water
(46oC: 38-litre water bath; Type VFP, Grant Instruments, U.K.) was passed through the
perfusion suit (Cool Tubesuit, Med-Eng, Ottawa, Canada) at a flow of 0.3 L.min-1 (Delta
Wing pump, Med-Eng, Ottawa, Canada). Incremental cycling was performed using an
electronically-braked ergometer (Lode Excalibur Sport; Groningen, Netherlands) with
an initial work rate of 50 W (15 min), which increased by 25 W every 15 min (60
rev.min-1). Trials were terminated when core temperature exceeded 39.5oC for 2 min
(N=1) or at volitional fatigue (N=9). The mean exercise duration was 55.6 min (range:
45-69 min) .

2.1.2.3 Measurements
Ventilated sweat capsules (3.16 cm2) were used to measure local sweat rates
(mg.cm-2.min-1) from 10 head sites: the forehead and nine sites inside the hairline (Figure
2.1). Capsules were glued to the skin (Collodion U.S.P., Mavidon Medical Products, FL,
U.S.A.). Pre-capsular airflow was independently regulated at 600 mL.min-1, with inlet
humidity maintained at 12% by passing room air for all capsules over a common,
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saturated lithium chloride solution. The humidity of the post-capsular air was measured
using capacitance hygrometers, which formed parts of a sweat data acquisition system
(Clinical Engineering Solutions, NSW, Australia), with inlet and exhaust air temperatures
and humidities sampled at 5-s intervals from six channels (DAS1602, Keithley
Instruments, Inc., Cleveland, OH, U.S.A.), and used to compute local sweat rates
(Taylor et al., 1997). Hygrometer calibration, using saturated salt solution standards,
preceded experimentation.

Local sweat rates could only be recorded from six sites simultaneously, with the
four remaining capsules being ventilated with room air to sustain a dry skin surface.
During rest, only six sites were investigated, while during exercise, capsules were
connected to the sweat system in a rotating pattern, leaving two capsules always
connected (Figure 2.1: sites 2 and 9). To control this pattern, two trial sequences were
established, with five subjects commencing these trials using each sequence, as shown in
Figure 2.1. Subsequently, 5 min prior to each work rate increase, the sites of sweat
measurement were changed so that the four remaining sites were now connected to the
sweat system. These changes were performed manually, taking approximately 2 min to
complete. This rotation pattern was then continued until the trial was terminated.

Auditory canal (insulated) and rectal (10 cm beyond the anal sphincter)
temperatures were recorded at 5-s intervals (Edale instruments Ltd., Cambridge, U.K.),
with the former being used as the representative core temperature. Skin temperatures
from eight sites (forehead, chest, scapula, upper arm, forearm, dorsal hand, thigh and
calf) were measured at the same time intervals, and mean skin temperature was derived
using an area-weighted summation (ISO 9886:1992). Local skin temperatures were also
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Figure 2.1 Sweat capsule placement. Capsules were positioned at the forehead, and at
nine sites within the hairline. Also shown are the two experimental sequences used to
ensure that these sites were evaluated in a balanced order.
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recorded from sites adjacent to each sweat capsule. All thermistors were calibrated
against a certified reference thermometer in a stirred water bath (Dobros total immersion,
Dobbie Instruments, Sydney, Australia), and data were collected using a data logger
(1206 Series Squirrel, Grant Instruments Pty Ltd., Cambridge, U.K.). Heart rate was
continuously monitored from ventricular depolarisation, and recorded every 5 s (Vantage
NV Sports Tester, Polar Electro Oy, Kempele, Finland).

2.1.2.4 Analysis
Data from discrete 2-min periods were used to compare local sweat rates across
sites: (1) the 2 min immediately before changing the sampling sites; and (2) the 2 min
immediately prior to each increase in work rate. Local sudomotor sensitivities (gain:
mg.cm-2.min-1.oC-1) were derived from changes in local sweat rates (mg.cm-2.min-1) and
auditory canal temperature, computed across first 45 min of exercise for each subject
(after Taylor et al., 2006), since such analyses may be of greater utility to modellers and
clothing engineers. One-way Analyses of Variance were used to compare between-site
sudomotor differences for the averaged sweat rates over the entire exercise phase, and
sudomotor sensitivities. Tukeys HSD post hoc tests were used to isolate sources of
significant differences. Two-way Analyses of Variance were used to evaluate localised
sweat rates during the first 45 min of exercise. Alpha was set at the 0.05 level for all
analyses. Data are presented as means with standard errors of the means (±SEM) and
standard deviations (SD).

2.1.3 Results
Body core temperature and heart rate increased significantly during the 30-min
rest period (changes: 0.25oC and 18 b.min-1), and also during incremental exercise
(P<0.05), peaking at 39.2oC (±0.1; moderately hyperthermic) and 175 b.min-1 (±6;
Table 2.1). The mean sweat rate for sites within the hairline, when computed over the
entire exercise period, was 1.95 mg.cm-2.min-1.
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Table 2.1 Body core temperatures and heart rates at the end of 30 min of passive heating
(36oC, 60% relative humidity; water-perfusion suit 46oC), and during incremental
cycling. Data are means with standard errors of means.
Work rate

N

Core temperature

Heart rate

(oC)

(b.min-1)

(W)
Rest

10

36.9 (0.1)

90 (4)

50

10

37.1 (0.1)

110 (5)

75

10

37.6 (0.1)

135 (5)

100

10

38.3 (0.1)

160 (5)

125

6

39.2 (0.1)

175 (6)

150

1

39.7

177
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Local sweat rates from all head sites increased during passive heating and during
exercise (P<0.05). Sweat rates from contra-lateral sites within the same lateral aspect
of the head, and along the top of the head, did not differ significantly (P>0.05), so these
sites were combined for subsequent analyses. Thus, sweating from six skin surfaces of
the head were compared: forehead (site 10), lateral 1 (front: sites 1 and 3), lateral 2
(middle: sites 4 and 8), lateral 3 (rear: sites 5 and 7), top (sites 2 and 9) and rear (site 6).
At the end of passive heating, and immediately before commencing exercise (28-30 min),
these local sweat rates were: forehead: 1.20 mg.cm-2.min-1 (±0.40); lateral 1 (front):
0.31 mg.cm-2.min-1 (±0.06); lateral 2 (middle): 0.29 mg.cm-2.min-1 (±0.07); lateral 3
(rear): 0.34 mg.cm-2.min-1 (±0.08); top: 0.17 mg.cm-2.min-1 (±0.03); the rear site was
not measured at rest.

Sweat rates increased in an approximately linear manner in all sites from the
beginning of exercise until the work rate reached ~100 W, with forehead sweating being
the highest and sweating from the top of the head being the lowest at each work rate
(Figure 2.2). There was a significant main effect for measurement site when the forehead
was compared with each of the other locations (P<0.05). Similar main effects also
existed for comparisons between the top of the head and each of the other loci (P<0.05),
except for the rear of the head (P=0.06). In addition, significant site by time interactions
were evident for the comparisons between the lateral 1 site and the rear of the head
(P<0.05), and between the top of the head and each of the other loci (P<0.05), except
for the rear of the head. That is, the site-specific differences in sweat secretion seen
during lower thermal strain became more marked as time and core temperatures
increased.

Local sweat rates were averaged over the full exercise period to provide a global
view of local sweating within the head (Figure 2.3). A greater sweat secretion was
observed at the forehead (P<0.05), followed by the lateral, rear and top sites,
respectively. Figure 2.4 shows the averaged local sweat rates after these areas were
combined. In addition to higher sweat secretion at the forehead, relative to all other
surfaces, the averaged sweat rate for the top site was significantly lower than that
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Figure 2.2 Local sweat rates from six head surfaces following 30 min of passive heating,
and then during incremental cycling in the heat (36oC, 60% relative humidity; waterperfusion suit 46oC). Data were averaged over the second half (7.5 min) of each work
rate, and are presented as means with standard errors of the means.

48

measured at the lateral 1 site (P<0.05), and this represented only 30% of the forehead
sweat rate. Lateral 1 sweat rate corresponded to 63% of forehead sweating, lateral 2 was
53%, lateral 3 was 56% and the rear of the head was 45%. Nevertheless, no statistical
differences were observed among sweat rates from these sites. Table 2.2 contains the
local skin temperatures for the exercise period from 40-45 min. The comparison between
the forehead skin temperature and that of the skin surface at the rear of the head was the
only source of a significant difference (P<0.05).

Sudomotor sensitivity was significantly lower at the top surfaces of the head than
at the lateral 1 surface (P<0.05), whilst no statistical differences were apparent among
the sensitivities for the other head sites (P>0.05; Table 2.2). If sudomotor sensitivity is
compared across subjects, and expressed as a ratio, such that the highest sensitivity within
each site is compared to the lowest observed for that site, then one can obtain a measure
of the variability of sensitivity across subjects. The site that had the greatest range in
sensitivity was the rear of the head, with this ratio being 35.9, which was at least three
times greater than observed at the other areas (top: 12.1; forehead: 9.7; lateral 3: 7.5;
lateral 2: 7.3; and lateral 1: 3.8). One subject showed a very low sudomotor sensitivity
across sites, but especially at the rear of the head (S9: 0.05 mg.cm-2.min-1.oC-1; average
of other nine subjects: 1.20 mg.cm-2.min-1.oC-1). Eliminating this subject dramatically
altered these sensitivity ratios. For the rear of the head, the ratio became 4.6, and ranged
from 3.8-9.7 for the other skin sites. This is consistent with ratios previously reported
for dorsal surfaces of the foot and forehead (Taylor et al., 2006). In those experiments,
large inter-subject variability was also observed for sweating at the plantar surface, but,
in that case, hyperhidrotic responses were found in two subjects. The very low head
sweat gland responsiveness to increases in core temperature, as observed in S9, appears
not to have been described in the literature. This response was not evident at the
forehead, but was restricted just to sites within the hairline.

49

Figure 2.3 Mean sweat rates for ten head skin surfaces. Data are means with standard
errors of the means collected during incremental cycling in the heat (36oC, 60% relative
humidity; water-perfusion suit 46oC) and averaged across the entire exercise phase, the
mean duration of which was 55.6 min (range: 45-69 min). * = significantly different
from all sites below the horizontal line (P<0.05).
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Figure 2.4 Mean sweat rates for six head sites. Data are means with standard errors of
the means collected during incremental cycling in the heat (36oC, 60% relative humidity;
water-perfusion suit 46oC) and averaged across the entire exercise phase (55.6 min;
range: 45-69 min). * = significantly different from all sites (P<0.05); † = significantly
different from the sites identified by either end of the horizontal line (P<0.05).
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Table 2.2 Intra-segmental differences in sudomotor sensitivity and local skin
temperatures of the head during incremental cycling in the heat (36oC, 60% relative
humidity; water-perfusion suit 46oC). Sudomotor sensitivities were derived from changes
in local sweat rates and auditory canal temperature, computed across 45 min of exercise.
Skin temperatures were derived from the period 40-45 min of exercise. Data are means
with standard errors of means. * = significantly different from the lateral 1 site; † =
significantly different from the forehead (P<0.05).
Sudomotor sensitivity

Skin temperature

(mg.cm-2.min-1.oC-1)

(oC)

Forehead

1.89 (0.28)

37.5 (0.1)

Lateral 1

2.10 (0.22)

37.3 (0.1)

Lateral 2

1.85 (0.27)

37.2 (0.1)

Lateral 3

1.85 (0.27)

37.2 (0.1)

Top

1.03 (0.23)*

36.9 (0.1)

Rear

1.09 (0.19)

36.8 (0.2)†

Head sites
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2.1.4 Discussion
In the current study, sweat secretion rates from the forehead and nine nonglabrous (hairy) skin surfaces of the head (within the hairline) were measured during
passive and exercise-induced heating in a hot-humid environment. To the best of our
knowledge, such a broad description of head sweating has not previously been reported,
and three significant observations arise from these experiments. First, each of the sites
that were investigated responded to the thermal loading, with the hairy sites of the head
secreting less sweat than the forehead. Second, the sites at the top of the head secreted
the least sweat, and generally displayed a lower sudomotor sensitivity to changes in core
temperature. Third, although the forehead sweat rate was the highest, its sudomotor
sensitivity did not differ significantly from that observed at the lateral, rear or top of the
head.

Those familiar with the literature may recognise the similarity of the first two
primary observations with those reported by Cabanac and Brinnel (1988). These authors
investigated sweating from the head in both bald (N=10) and hairy men (N=10).
However, they studied just three sites (forehead, temple (side of face) and the top of the
head (which they called the calvaria)), and did not explore sweat secretion within the
hairline. For their hairy subjects, they did observe a lower sweat rate for the top of the
head relative to the forehead and temple sites, with temple sweating representing
approximately 60%, and sweating from the top of the head was about 30% of that
observed at the forehead. In the current investigation, sweating from the temples was not
examined. However, the relative differences in sweat secretion from the forehead and top
of the head are in close agreement for both investigations. Following comparisons with
bald subjects, Cabanac and Brinnel (1988) concluded that sweating correlated with the
presence of hair, with hair acting in some way to keep sweating lower, relative to that
observed without hair. The authors suggested this was related to an altered local
cholinergic sensitivity (which was not currently evident; Table 2.2), which was perhaps
modified by the plasma concentration of androgens, with male-pattern baldness
developing in response to the growth of facial hair, and thereby facilitating a constant rate
of evaporation and brain cooling.
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While data from the top of the head in our hairy subjects are consistent with the
observation of Cabanac and Brinnel (1988), a closer inspection of our data shows that the
distribution of sweating appears to be more closely related to location than to the presence
of hair. One could presume the presence of hair would influence sweating, but one could
also assume that its influence would probably have equally affected sweat secretion from
all sites below the hairline. We cannot thoroughly test this hypothesis, since we did not
study bald subjects. However, since we have known for many years that most skin
surfaces sweat less than the forehead (Weiner, 1945; Hertzman, 1957; Cotter et al.,
1995), with some of these also being hairless (glabrous) skin areas, then the observation
of lower sweat rates within the hairline is not a phenomenon peculiar to the head. In
addition, six of the nine scalp sites currently tested (Figure 2.3), displayed sweat rates
approximately twice that observed for the top of the head. We therefore interpret these
data as being inconsistent with the hypothesis of Cabanac and Brinnel (1988). Thus, it
seems more likely that, in addition to the differences in sudomotor function that exist
between hairy and non-hairy skin surfaces (Saad et al., 2001), there are sweat secretion
differences even within the hairy skin surfaces of the head. Indeed, we suspect that if
Cabanac and Brinnel (1988) had investigated more sites within the hairline, then they may
perhaps have arrived at a different conclusion.

To explain these intra-segmental differences in sweating, one should look first for
differences in local skin temperatures, sweat gland densities and individual sweat gland
flows. Since sweat rate can be modified by local skin temperature (Nadel et al., 1971),
there is the possibility that these differences were due to variations in local skin
temperatures. This possibility was anticipated, and skin temperatures were recorded
adjacent to each sweat capsule so that this effect could be evaluated. However, these data
revealed a uniformly high skin temperature distribution across the forehead and scalp
(Table 2.2), and cannot account for the variance observed in sweating among these sites.

Unfortunately, there is a lack of information regarding the sweat gland density for
the scalp, and we know of no data that describe intra-segmental differences in either
sweat gland flow or recruitment patterns within the hairline of the head. However, we
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do know that the forehead eccrine sweat gland density is one of the highest of all body
surfaces (~226 glands.cm-2; mean from 14 available studies), and is only lower than the
densities for sites within the hands and feet. We are aware of only two (cadaver) studies
reporting glandular densities for areas within the hairline (Szabo, 1967; Hwang and Baik,
1997). In the former case, data came from the scalp area of only one individual, with one
count of 100 glands.cm-2 being obtained from skin within the hairline, and another of 70
glands.cm-2 from a bald area of the scalp. In the latter study, counts were obtained from
the parietal surfaces (dome of the skull ~3-4 cm above the eyebrows) of 27 male
cadavers, revealing a mean glandular density of 194 glands.cm-2. Of these two data sets,
the current authors have greater faith in the latter, since the often-cited observations of
Szabo (1962, 1967) were derived from a very small number of cadavers, and these data,
whilst being quantitatively similar, are often at variance with data obtained by other
groups using larger sample sizes.

These inter-site comparisons in eccrine gland density fail to provide a simple
explanation for the greater forehead sweat secretion, in the presence of a presumably
equivalent thermoefferent drive. Alternatively, we have recently shown that the forehead
sweat glands appear to be much less responsive to heat adaptation than are glands from
other body segments (Patterson et al., 2004). This may indicate that the eccrine glands
of the forehead operate closer to their maximal secretion capacity, even in the
unacclimatised state. That is, glandular flows from this site do not generally increase as
much as flows from other sites following heat adaptation. Accordingly, explanations
other than differences in sweat gland density may help to account for the differences in
sweat secretion from sites within the hairline.

Since humans are bipedal, then evaporative cooling during locomotion will be
greatest from wetted surfaces that face directly into the wind. Since the forehead lacks
hair, and is rarely covered during exercise in the heat, then one would predict that
evaporation from the forehead would be very efficient. As it is well established that the
forehead also has possibly the highest skin temperature (Werner and Reents, 1980), then
these factors may combine to ensure that, during hyperthermic states, sweat secretion
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from glands on the forehead is generally profuse and well evaporated. This state increases
the probability of sweat gland adaptation. Conversely, the skin surfaces below the
hairline, which also have high skin temperatures (Table 2.2), will not experience high
evaporation due to the presence of hair, and this results in the partial trapping of a
boundary layer of moist air close to the skin surface. This layer reduces evaporation,
leading to moisture accumulation on the skin, and a possible hidromeiotic suppression of
sweating. Thus, it is probable that, without hair, these glands may also have adapted to
produce a higher sweat rate, just as observed by Cabanac and Brinnel (1988), though not
for reasons associated with brain cooling, but due to differences in local adaptation state.
Furthermore, one wonders whether the lower sweat rate at the top of the head may also
be partially explained on the same basis, but now augmented by the behavioural practice
of wearing a hat during outdoor exercise in hot conditions, with greater heat and moisture
accumulating over the parietal areas of the head than over its lateral aspects.

In addition to providing useful information regarding human sudomotor function,
the current observations should be considered by clothing design engineers. In the case
of headwear and headbands, heat loss from the head may be impaired, thus increasing
heat storage, particularly in those who are obliged to wear protective helmets. Two
outcomes from this experiment should be considered in this regard. First, given the
higher sweat rates on the lateral sites of the head, headwear must be designed to optimise
evaporation from the sides of the head. Most existing headwear can satisfy this
physiological specification. Second, if the lower sweat rate on the top of the head is the
result of a poor local thermal adaptation due to the wearing of hats, then headwear should
be modified to improve ventilation, and therefore evaporation, for the parietal area. This
will have two positive effects: increased evaporation and improved sweat gland
performance.

2.1.5 Conclusion
Both non-hairy (glabrous) and hairy areas of the head increased sweat secretion
in response to passively- and exercise-induced thermal strain. However, the evolution of
this secretion pattern was not uniformly distributed across the surface of the head, being
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less evident in sites within the hairline, and least apparent at the top of the head, which
had a sweat rate that was only 30% of that secreted from the forehead. It is hypothesised
that these intra-segmental observations may reflect variations in the local adaptation of
eccrine glands to differences in local evaporation associated either with bipedal
locomotion, which will influence forehead sweating, or the hidromeiotic suppression of
sweating, which impacts upon sweat glands within the hairline.

2.2 SWEAT SECRETION FROM THE TORSO DURING PASSIVELY-INDUCED
AND EXERCISE-RELATED HYPERTHERMIA 3
2.2.1 Introduction
The regulation of body temperature relies upon autonomic and behavioural
mechanisms for producing, conserving and dissipating heat, and these responses are
activated or inhibited, depending upon information arising from central and peripheral
thermoreceptors. In hot conditions, body temperatures increase, particularly that of the
skin, and when air temperature exceeds skin temperature, evaporative cooling becomes
the main avenue for heat loss. Thermal sweat is produced by eccrine sweat glands located
across almost the entire body surface. However, sweat flow is variable among body
segments (Weiner, 1945; Hertzman, 1957; Cotter et al., 1995), and there is now a
growing body of knowledge to show that sweat secretion also varies within body
segments (Taylor et al., 2006; Havenith et al., 2007a, b; Machado-Moreira et al., 2007a;
Taylor and Machado-Moreira, 2007). In the current study, differences in the local
distribution of thermal sweating within the torso are explored.

Segmental differences in sudomotor function have been reported during rest and
exercise with regard to sweat gland densities, secretion rates, sensitivity to core and skin
temperature changes, and the sudomotor thresholds (Weiner, 1945; Hertzman et al.,
1952; Park and Tamura, 1992; Cotter et al., 1995; Cotter and Taylor, 2005). In general,
sweat gland densities are higher at the forehead, hand and foot, and lower on the thigh
3
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and leg, with the arms and trunk displaying intermediate densities (Thompson, 1954;
Szabo, 1962, 1967; Knip, 1969; Hwang and Baik, 1997). A caudal-to-rostral pattern of
sweat onset has been demonstrated for resting subjects (Randall and Hertzman, 1953),
with higher thermal sweat secretions usually observed at the forehead during resting and
exercising states (Cotter et al., 1995; Machado-Moreira et al., 2007b). These
generalisations are well accepted, but there is a paucity of knowledge concerning
differences in sweat secretion within body segments.

The chest and back appear to have equivalent eccrine sweat gland densities
(Ogata, 1935; Sazbo, 1962; Knip, 1969). However, while a greater sweat secretion has
been reported for the ventral surface of the torso (Weiner, 1945), another report
demonstrated higher sweating from the dorsal area (Park and Tamura, 1992). Since the
torso represents about 40% of the total body surface area, and accounts for about 50%
of the whole-body sweat secretion (Weiner, 1945), then a clear understanding of the
inter-site variations in thermal sweating within the torso is of considerable importance to
thermal physiologists, thermal modellers and manikin engineers, and also to those within
the clothing industry. However, the intra-segmental distribution of sweat secretion within
the torso has not, to the best of our knowledge, been thoroughly examined until very
recently (Havenith et al., 2007a, b; Machado-Moreira et al., 2007a).

Accordingly, the aim of the current study was to provide a detailed description
of the distribution of thermal sweating within the torso during passively-induced and
exercise-related thermal strain. Thermal loading was applied at rest using passive heating
(water-perfusion garment), and incremental cycling in hot-humid conditions. Intrasegmental sudomotor differences were quantified using ventilated sweat capsules attached
to twelve sites on the ventral, lateral, dorsal and upper shoulder surfaces of the torso.

2.2.2 Methods
2.2.2.1 Subjects
Sweating distribution was investigated in ten healthy, physically-active males
(26.7 y (SD 4.7); 75.5 kg (SD 8.5); 1.78 m (SD 0.07)) using a climate-controlled
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chamber. Subjects wore a whole-body, water-perfusion suit supplied with heated water
during the entire trial. Procedures were approved by the Human Research Ethics
Committee (University of Wollongong), and fully explained to the subjects prior to their
provision of written, informed consent.

2.2.2.2 Procedures
Following a preparatory period, in which subjects were equipped with core and
skin thermistors, heart rate monitor and sweat capsules, and dressed in the waterperfusion suit, subjects were exposed to a resting, passive heat load for 50 min. This
heating was achieved using the combined influences of a heated climate-controlled
chamber (36oC, 60% relative humidity, wind speed <0.5 m.s-1) and a heated waterperfusion suit (40oC: Cool Tubesuit, Med-Eng, Ottawa, Canada; 38-litre water bath:
Type VFP, Grant Instruments, U.K.), which received water at 0.3 L.min-1 (Delta Wing
pump, Med-Eng, Ottawa, Canada). At the completion of this resting phase, the upper half
of the perfusion suit was removed, and subjects were moved to an electronically-braked
ergometer (Lode Excalibur Sport; Groningen, Netherlands), and commenced cycling at
50 W (60 rev.min-1, 15 min). Subsequently, the work rate was increased 25 W every 15
min. Exercise was concluded when the core temperature exceeded 39.5oC for 2 min
(N=2) or at volitional fatigue (N=8). On average, exercise lasted 66.3 min (range: 52-85
min).

2.2.2.3 Measurements
Local sweat rates (mg.cm-2.min-1) from twelve sites on the left side of the torso
were evaluated. Ventilated capsules (3.16 cm2) were placed on two chest sites (Figure
2.5, sites 1 and 2), two abdominal sites (sites 3 and 4), three lateral sites (sites 5, 6 and
7), two upper-back sites (sites 8 and 9), two lower-back sites (sites 10 and 11), and on
the upper shoulder (trapezius; site 12). Capsules were glued to the skin (Collodion
U.S.P., Mavidon Medical Products, FL, U.S.A.). Pre-capsular airflow was
independently regulated at 600 mL.min-1, with inlet humidity maintained at 12% by
passing room air for all capsules over a common, saturated lithium chloride solution. The
humidity of the post-capsular air was measured using capacitance hygrometers, which
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formed parts of a sweat data acquisition system (Clinical Engineering Solutions, NSW,
Australia), with inlet and exhaust air temperatures and humidities sampled at 1-s intervals
from six channels (DAS1602, Keithley Instruments, Inc., Cleveland, OH, U.S.A.), and
used to compute local sweat rates (Taylor et al., 1997). Hygrometer calibration, using
saturated salt solution standards, preceded experimentation.

Sweat rates from only six locations could be measured simultaneously. Thus, the
remaining sweat capsules were ventilated with room air to avoid moisture accumulation
on the skin below each capsule. During passive heat loading (rest), sweat secretion from
six sites was examined: upper chest (Figure 2.5, site 1), lower abdomen (site 4), upperand lower-lateral sites (sites 5 and 7), upper back (site 8) and lower back (site 11).
During cycling, capsules were connected to the sweat system in an alternating pattern.
To control this rotation pattern, and to ensure that measurements were taken in a balanced
order, two trial sequences were established, with five subjects participating in each
sequence (Figure 2.5). Subsequently, 5 min prior to each work rate increase, the sites of
sweat measurement were changed so that the six remaining sites were now connected to
the sweat system. These changes took approximately 2 min to be completed, and this
rotation pattern was continued until the trial terminated.

Body temperatures were recorded at 5-s intervals using a data logger (1206 Series
Squirrel, Grant Instruments Pty Ltd., Cambridge, U.K.). Auditory canal (insulated) and
rectal temperatures (10 cm beyond the anal sphincter; Edale instruments Ltd.,
Cambridge, U.K.) were measured, with the former used as the primary core temperature
index. Skin temperatures were measured at the forehead, chest, scapula, upper arm,
forearm, dorsal hand, thigh and calf, and an area-weighted summation of these
temperatures was used to calculate mean skin temperature (ISO 9886:1992). In addition,
local skin temperatures were measured adjacent to each sweat capsule. Thermistors were
calibrated in a stirred water bath against a certified reference thermometer (Dobros total
immersion, Dobbie Instruments, Sydney, Australia). Heart rate was also recorded every
5 s (Vantage NV Sports Tester, Polar Electro Oy, Kempele, Finland).
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Figure 2.5 Sweat capsule placement on the torso skin surfaces. Also shown are the two
experimental sequences used to ensure that these sites were evaluated in a balanced order.
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2.2.2.4 Analysis
Local sweat rates were evaluated using data obtained from the 2-min periods
immediately before switching sweat capsules, and immediately prior to each increase in
work rate. Changes in local sweat rates and auditory canal temperature, observed across
the first 45 min of exercise, were used to determine local sudomotor sensitivities (gain:
mg.cm-2.min-1.oC-1; after Taylor et al., 2006). Between-site differences in sudomotor
responses were assessed using one-way Analyses of Variance, followed by Tukeys HSD
post hoc tests. In addition, two-way Analyses of Variance were performed to compare
localised sweat rates over the first 45 min of exercise. Alpha was set at the 0.05 level for
all analyses. Data are presented as means with standard errors of the means (±SEM) and
standard deviations (SD).

2.2.3 Results
The passive heat load, and the incremental cycling protocols caused significant
increases in body core temperature and heart rate (P<0.05; Table 2.3), with the mean
core temperature at the end of each trial being 39.7oC (±0.1; moderately to profoundly
hyperthermic) and the corresponding heart rate was 181 b.min-1 (±2), representing 92%
of the age-predicted maximal heart rate for these subjects. When averaged across all sites
over the entire experiment, the mean torso sweat rate was 1.35 mg.cm-2.min-1.

Sweat rates from all sites within the torso increased during passive heating
(P<0.05), except for the lateral torso (P=0.07) and chest (P=0.10). During incremental
cycling, further elevations in sweat rate occurred (P<0.05). Since the sweating responses
within the chest (two sites), abdomen (two sites), upper- and lower-back (two sites each),
and the lateral torso (three sites) surfaces did not differ significantly, these localised data
were combined to provide six torso areas for subsequent analyses: chest, abdomen, upper
back, lower back, lateral torso and upper shoulder. At the end of passive heating (48-50
min), and immediately before commencing exercise, these local sweat rates were: chest
0.32 mg.cm-2.min-1 (±0.07); abdomen 0.35 mg.cm-2.min-1 (±0.05); upper back 0.59
mg.cm-2.min-1 (±0.11); lower back 0.56 mg.cm-2.min-1 (±0.08); lateral torso 0.38
mg.cm-2.min-1 (±0.09); shoulder 0.51 mg.cm-2.min-1 (±0.13).
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Table 2.3 Body core temperatures and heart rates at the beginning and at end of 50 min
of passive heating at rest (36oC, 60% relative humidity; water-perfusion suit: 40oC), and
during incremental cycling. Data are means with standard errors of the means.
Work rate
Core temperature
Heart rate
N
(W)
(oC)
(b.min-1)
Rest (start)

10

37.1 (0.1)

83 (3)

Rest (end)

10

37.3 (0.1)

90 (3)

50

10

37.3 (0.1)

107 (3)

75

10

37.6 (0.1)

128 (4)

100

10

38.0 (0.1)

151 (5)

125

9

38.6 (0.1)

170 (5)

150

3

39.0 (0.1)

178 (1)

175

2

39.7 (0.1)

181 (2)
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Within each of these six torso areas, sweating increased asymptotically during
exercise (Figure 2.6), and it was apparent that sweating from the lateral torso surfaces
was generally the lowest at each work rate, with each of the between-site comparisons
being significant (P<0.05), except for comparisons with the chest (P=0.051) and upper
shoulder (P>0.05). Other significant main effects existed for comparisons between
abdomen sweating and that of the upper- and lower-back areas (P<0.05). Significant site
by time interactions were evident for comparisons between the lateral area and each of
the other torso sites (P<0.05), except for the shoulder (P>0.05). Thus, the intrasegmental differences in sweat rate between the lateral torso and the chest, abdomen,
upper- and lower-back areas were accentuated during incremental exercise. These
differences existed in the presence of generally uniform local skin temperatures (maximal
inter-site difference <1.6oC) for the exercise period from 40-45 min (Table 2.4),
although the abdomen was significantly cooler than all other torso sites (P<0.05).

To obtain an integrated assessment of the differences in these local sweat rates
during exercise, data were averaged over the entire exercise duration (Figure 2.7). From
these data, the following descending rank order for sweat rates within the torso was
derived: lower back, upper back, shoulder, chest, abdomen and lateral surface. The low
sweat flow from the lateral torso surface is highlighted by these inter-site comparisons,
with secretion from this lateral area representing only 50% of that observed at the lowerback, 53% of that at the upper back, 61% of shoulder sweating, 64% of that at the chest
and 74% of the abdomen sweat secretion. However, whilst the sweat rate of the lateral
area remained significantly lower than that observed for the upper- and lower-back sites
(P<0.05), significant differences were not observed for the other intra-torso comparisons
(P>0.05).

Local sudomotor sensitivities were determined for each of the six torso skin
surfaces over the first 45 min of exercise. Although the sensitivity of the lateral area was
1.6-2.5 times less than that observed at the other sites, and displayed considerable
variability among subjects, no significant between-site differences were apparent for
sudomotor sensitivity among the torso skin surfaces (Table 2.4).
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Figure 2.6 Local sweat rates from six torso sites following 50 min of passive heating,
and then during incremental cycling in the heat (36oC, 60% relative humidity; waterperfusion suit 40oC). Data were averaged over the second half (7.5 min) of each work
rate, and are presented as means with standard errors of the means.
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Table 2.4 Intra-segmental differences in sudomotor sensitivity and local skin
temperatures of the torso during incremental cycling in the heat (36oC, 60% relative
humidity; water-perfusion suit 40oC). Sudomotor sensitivities were derived from changes
in local sweat rates and auditory canal temperature, computed across 45 min of exercise.
Skin temperatures were derived from the period 40-45 min of exercise. Data are means
with standard errors of the means. The local abdominal skin temperature was significantly
cooler than all other sites (P<0.05). * = significantly different from shoulder; † =
significantly different from lateral sites (P<0.05); ‡ = significantly different from the
other sites (P<0.05).
Sudomotor sensitivity
Skin temperature
Torso sites
(mg.cm-2.min-1.oC-1)
(oC)
Lower back

1.92 (0.34)

36.6 (0.1)*

Upper back

1.87 (0.28)

36.8 (0.1)†

Shoulder (N=8)

1.21 (0.22)

37.0 (0.1)

Chest

1.75 (0.31)

36.6 (0.1)

Abdomen

1.41 (0.24)

35.5 (0.1)‡

Lateral

0.76 (0.18)

36.2 (0.1)*
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Figure 2.7 Averaged sweat rates for six torso skin surfaces. Data are means with
standard errors of the means, collected from 10 subjects (8 for the shoulder) during
incremental cycling in the heat (36oC, 60% relative humidity; water-perfusion suit: 40oC)
and averaged across the entire exercise phase (66.3 min; range: 52-85 min). * =
significantly different from the sites identified by either end of the horizontal lines
(P<0.05).
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2.2.4 Discussion
We have known for many years that sweat secretion varies among body segments
(Weiner, 1945; Hertzman, 1957; Cotter et al., 1995). However, the results of the current
project add twelve more local sites to the growing body of experimental evidence that
highlights clear intra-segmental variations in human eccrine sweating across a broad
range of thermal loads (Taylor et al., 2006; Machado-Moreira et al., 2007b; Taylor and
Machado-Moreira, 2007). Two principal observations from this project are worth
emphasising. First, the lateral torso surfaces displayed the lowest thermal sweat response,
and differences between this site and those from the ventral and dorsal areas of the torso
became more pronounced as exercise progressed. Second, sweating was more profuse
from the dorsal surface of the torso than from the abdominal surface, with the most
prolific sweat secretion coming from the lower part of the back.

With the exception of Havenith et al. (2007a, b), only a few researchers have
previously studied more than two torso sites when investigating the inter-segmental
distribution of sweating (Weiner, 1945; Hertzman, 1957; Park and Tamura, 1992). Since
these projects primarily focussed upon the whole-body sweat distribution, none used the
methodological detail currently employed. Weiner (1945; N = 3) suggested that dorsal
torso sites secreted less sweat than the ventral surfaces, with the highest torso sweat
secretion coming from the upper chest. Weiner (1945) also observed a tendency for
sweating to diminish on the more caudal areas of the trunk, and a lower thermal sweating
in the axilla. Our data do not concur with most of these observations, with the lower back
having the highest average sweat rate, and there was no consistent evidence of reduced
sweating at either the lower ventral or dorsal torso sites (Figure 2.7). Furthermore, Park
and Tamura (1992) observed greater evaporative rates from the dorsal torso skin surfaces
than from the chest and abdominal areas.

There are several possible methodological explanations for these diverse
observations. Among these, the sample size used by Weiner (1945), which was frequently
small during that era, is inadequate for the provision of such descriptive information.
When sample sizes are small, the probability of obtaining unrepresentative data increases,
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and this is probably also the case with the frequently-cited data of Szabo (1962, 1967) for
inter-segmental differences in sweat gland densities. In addition, Weiner (1945) used
cotton pledgets pressed against the skin to collect sweat from within a sealed ring (38.5
cm2), that was lightly pressed against the skin surface. Variations of this technique have
been shown to be very reliable (Havenith et al., 2007b). However, if adequate care is not
taken, data can become contaminated due to unwanted evaporation, though this was
probably prevented by Weiner (1945). The more likely possibility is that reactive errors
could be introduced into the measurement by the elevation in local skin temperature and
the accumulation of sweat within the collection ring. Since these sealed containers were
designed to prevent evaporation, it is possible that, in taking these measurements, one
could elevate local skin temperature, and thereby heighten local sweating, or suppress
sweating due to localised hidromeiosis. The extent and variability of these possible
influences is uncertain. Of course, ventilated sweat capsules also introduce measurement
artefacts, since these maintain an artificially dry skin surface, and this state does not
always exist during daily activities, particularly when clothed.

Hertzman (1957; N=5) previously observed a lower sweat secretion at sites
located along the axillary line, thus matching the current data, and possibly also those
reported by Weiner (1945). When these observation are considered together with the
large individual variability, the lower thermal sweat secretion and the lower sudomotor
sensitivity observed for the lateral surface of the torso, they are consistent with the
sudomotor function of these skin surfaces behaving in a similar manner to that observed
for the glabrous (non-hairy) surfaces of the body.

It is always a possibility that differences in the density of the active eccrine sweat
glands, or glandular flow, may explain variations in sweat secretion. Certainly, this may
be so for some inter-segmental comparisons, but this is not universally the case (Taylor
et al., 2006; Taylor and Machado-Moreira, 2007). However, within a body segment, one
may anticipate more uniform gland counts, and this is precisely what occurs within the
torso (Table 2.5), even though it has a large surface area.
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Table 2.5 Intra-segmental differences in eccrine sweat gland densities for the human
torso. The numbers in the right column refer to the number of data sets obtained from the
literature (with superscript citations provided below the Table), and from which the mean
glandular densities (middle column) were derived.
Torso sites

Gland density (glands.cm-2)

Data sets

Abdomen

115

16(1, 3-10)

Upper back (scapula)

104

16(1-5, 7-10)

Axilla

103

3(1)

Chest

102

16(1, 3-10)

Lower back (lumbar)

101

13(3-8, 10)

Chest (pre-sternal)

90

2(1)

Abdomen (umbilicus)

81

2(1)

Chest (mammary)

21

2(1)

Superscript citations codes: 1Hwang and Baik (1997; male and female
cadavers); 2Willis et al. (1973); 3Knip (1972; Hindu males and females,
and Bushmen); 4Roberts et al. (1970; Caingang Indians); 5Knip (1969;
Dutch males and females); 6Szabo (1967; Caucasians); 7Ojikutu (1965;
African, American Negro and Syrian/Iranian); 8Thompson (1954;
Caucasians and Africans); 9Kawahata (1950; Philipino); 10Ogata (1935;
Korean).
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2.2.5 Conclusion
The current experiment has provided a comprehensive evaluation of inter-site
variations in sudomotor function within the torso using ventilated sweat capsules. From
these data, and those presented by Havenith et al. (2007b), it is concluded that the torso
has a non-uniform distribution of thermally-induced sweating. Sweat secretion is greater
for the dorsal torso surface, with the lower back being the most profuse, and the lateral
surfaces the least profuse sweating areas. Indeed, the lateral sites of the torso behave
somewhat similarly to the glabrous (non-hairy) skin surfaces, and perhaps it should be
considered to be an intermediate zone, between glabrous and non-glabrous skin, at least
with regard to eccrine sweat gland function. We have previously demonstrated that the
intra-segmental sweat rates of the foot are not equivalent (Taylor et al., 2006), and we
have now demonstrated that a non-uniform sweat distribution also occurs within the head
(Machado-Moreira et al., 2007b) and the torso. Furthermore, our laboratory has also
recently completed experiments involving the hands, arms and legs (Taylor and
Machado-Moreira, 2007), in which these non-uniform secretion patterns were again
evident. Therefore, when taken collectively, these facts force one to conclude that it is
no longer acceptable for researchers, modellers, sweating manikins engineers or clothing
manufacturers to assume that the sweat rates for all local sites within any body segment
are equivalent.

2.3 SWEAT SECRETION FROM PALMAR AND DORSAL SURFACES OF THE
HANDS DURING PASSIVE AND ACTIVE HEATING 4
2.3.1 Introduction
The evolution of human hands and feet is intertwined with their biological roles
of locomotion, gathering food, tool use, evading capture and providing sensory feedback
concerning the surrounding environment (Susman, 1994; Young, 2003). The unique
musculoskeletal structures of the human hand make it a precisely controlled instrument
capable of a wide variety of very complex movements. However, the focus of this
4

Machado-Moreira, C.A., Caldwell, J.N., Mekjavic, I.B., and Taylor, N.A.S. (2008). Sweat secretion
from palmar and dorsal surfaces of the hand during passive and active heating. Aviation, Space, and
Environmental Medicine. 79:1034-1040.
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investigation was upon the skin that encloses these structures, and in particular the
secretion of sweat from those surfaces, which supports heat loss. The hands possess
several attributes that make them suitable for heat dissipation. First, they have a high
surface area:volume ratio. Second, the hands have large reserves for skin blood flow and
sweating, so they have an extensive effector sensitivity range. Finally, the hands have a
lower sudomotor thermosensitivity relative to other skin regions, so feedback from local
temperature changes appears to have a less powerful impact upon whole-body
thermoeffector function (Cotter and Taylor, 2005).

The hands are enveloped by glabrous (hairless) and non-glabrous (hairy) skin
containing eccrine sweat glands, with the volar (palmar) surfaces having a very high
glandular density relative to the dorsal surface (Table 2.6). Slight sweat secretion from
the palm increases contact friction and improves grip (Adelman et al., 1975), and it also
enhances tactile and thermal sensitivity (Katz, 1925; Edelberg, 1961). However, most
eccrine sweat glands subserve temperature regulation in hot conditions and during
exercise, and the hand is one of the most closely studied segments with regard to sweat
secretion. Indeed, human hand sweating has been investigated in attempts to improve our
understanding of sweat gland innervation (Haimovici, 1950), to characterise differences
between glabrous and non-glabrous skin surfaces (Saad et al., 2001), to help diagnose the
development of clinical disorders (Ramos et al., 2007), and to evaluate the impact of
thermal and non-thermal stimuli on thermoregulation (Kondo et al., 2002). Despite this
research, we still do not have an adequate appreciation of the distribution of thermal
sweating within this segment, and so the aim of the current study was to identify and
describe these intra-segmental differences.

The distribution of human sweating has been studied for many years (Ogata, 1935;
Hertzman, 1957; Park and Tamura, 1992; Cotter et al., 1995), although most of this
work has focussed on differences among body segments. More recently, intra-segmental
differences in sweating have been reported for the foot, head and torso (Taylor et al.,
2006; Machado-Moreira et al., 2008a; Machado-Moreira et al., 2008b; Havenith et al,
2008). While this knowledge is of considerable relevance to those studying human
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Table 2.6 Sweat gland densities and projected gland counts for the human hand. Numbers
in the far right column refer to the number of data sets over which the glandular densities
were averaged (weighted according to sample sizes), with individual studies indicated
with superscript numbers and identified below the Table.
Gland density
Local sites
Gland counts
Data sets
(glands.cm-2)
Volar fingers

699

78875

7 (8)

Fingerprint (distal volar phalanx)

345

14015

1 (2)

Palm

306

34530

6 (1,7-9)

Dorsal fingers (proximal phalanges)

260

10560

2 (1)

Dorsal fingers (middle phalanges)

259

9350

2 (1)

Dorsal hand

207

23, 360

12 (1,3-7,9)

Dorsal fingers (distal phalanges)

98

3540

2 (1)

Computational assumptions: Each hand has a surface area equivalent to
2.5% of the total body surface area (Hardy and DuBois, 1938).
Calculations were then based on a standardised person (70 kg, 1.7 m),
with the following relative areas assigned to each site within the hand:
palm (25%), volar fingers (proximal phalanges: 9%; middle phalanges:
7%; distal phalanges or fingerprints: 9%), dorsal hand (25%), dorsal
fingers (proximal phalanges: 9%; middle phalanges: 8%; distal phalanges:
8%). Gland counts are rounded to nearest 5 glands.
References: 1Hwang and Baik (1997; male and female cadavers); 2Szabo
(1967; Caucasians); 3Knip (1969; Dutch males and females); 4Knip (1972;
Hindu males and females); 5Thompson (1954; Europeans and Africans);
6
Ogata (1935; Korean); 7Randall (1946); 8Clark and Lhamon (1917;
American (Caucasian and Negro), Filipino, Moro, Negrito (adult and
youth), Hindu); 9Glaser (1934; Bantu).
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sudomotor function, this recent enthusiasm has largely been driven by the needs of
engineers, modellers and clothing manufacturers for more detailed and precise
information.

Psychological stimuli also induce sweating (e.g. cognitive and emotional stress),
with sweat secretion from the volar surface of the hand being quite pronounced (Matsuda
et al., 1996), while thermal sweating is not always evident at this surface (Kuno, 1956).
Conversely, dorsal hand sweating increases significantly in hot conditions, but this region
is considered to be less responsive to psychological stimulation (Ogawa, 1975). Whilst
it is generally regarded that thermal and psychological sweating are driven via different
effector pathways, with the latter being most evident at the glabrous surfaces (Iwase et
al., 1997), and possibly being adrenergically driven (Robertshaw, 1977; Nakazato et al.,
2004), a complete understanding of the neural control of human eccrine sweat glands still
remains to be elucidated.

Notwithstanding differences in sweat gland distribution within the hand (Table
2.6), the divergent sweating responses of the palmar and dorsal surfaces to thermal and
psychological stimuli, encourage one to predict that intra-segmental variations in thermal
sweating would occur within the hand, with secretion from dorsal sites always exceeding
sweat rates from the volar aspect of the hand. However, this hypothesis has not been
thoroughly tested. Therefore, a detailed mapping of sudomotor function of the hand
during whole-body heating was undertaken, with this study being part of a series of
investigations designed to explore regional differences in the neural control of eccrine
sweating. Sweating from ten skin sites within the hand, including glabrous and nonglabrous skin surfaces, was investigated during exercise-induced hyperthermia, across
a wide range of thermal loads, with experiments terminating when subjects attained
moderately to profoundly hyperthermic states (>39.5oC).

2.3.2 Methods
2.3.2.1 Subjects
Ten healthy and physically-active adults (five males and five females: 25.8 y (SD
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2.6), 70.9 kg (SD 8.8), 176.4 cm (SD 8.9)) were first exposed to passive heating at rest,
and then performed semi-recumbent, incremental cycling in a heated, climate-controlled
chamber while wearing a whole-body perfusion suit provided with heated water. The
Human Research Ethics Committee (University of Wollongong) approved all methods,
and the subjects provided written, informed consent prior to participation.

2.3.2.2 Procedures
Before entering the climate chamber, subjects were instrumented (thermistors,
sweat capsules) and dressed in a water-perfusion suit (Cool Tubesuit, Med-Eng, Ottawa,
Canada). Subjects were first exposed to passive heating which was immediately followed
by exercise to induce hyperthermia and fatigue. During passive heating, subjects rested
for 40 min in a hot-humid environment (36oC, 60% relative humidity, wind speed <0.5
m.s-1), with the perfusion suit provided with heated water (8 min at 33oC, then 32 min
at 40oC: 38-litre water bath; Type VFP, Grant Instruments, U.K.) at a flow of 0.3 L.min1

(Delta Wing pump, Med-Eng, Ottawa, Canada). During the exercise phase, subjects

performed semi-recumbent, incremental cycling on an electronically-braked ergometer
(Lode Excalibur Sport; Groningen, Netherlands; 60 rev.min-1), commencing at a work
rate of 50 W (15 min), with 25 W increments occurring at 15-min intervals (Figure 2.8).
On average, subjects exercised for 61.2 min (range: 45-75 min) following passive
heating, and were continuously monitored for signs and symptoms of excessive heat
strain. Trials were terminated when core temperature exceeded 39.5oC for 2 min (N=1),
or at volitional fatigue (N=9).

2.3.2.3 Measurements
Local sweat rates were measured using ventilated sweat capsules positioned at the
forehead (reference site) and at ten sites on the left hand, distributed over the volar
(Figure 2.9A) and dorsal surfaces (Figure 2.9B). Large (3.16 cm2: palm, dorsal hand,
forehead) and small sweat capsules (1.40 cm2: all other sites; Figure 2.9) were glued onto
the skin (Collodion U.S.P., Mavidon Medical Products, FL, U.S.A.), thereby preventing
leakage and pressure-induced artefacts on sweating. The pre-capsular airflow to each
capsule was independently regulated at 0.3 (small capsules) and 0.6 L.min-1 (large
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Figure 2.8 Overview of the experimental protocol, which involved passive heating at
rest, immediately followed by incremental cycling (36oC, 60% relative humidity; waterperfusion suit: 40oC). Arrows indicate times at which sweat capsule rotations occurred.
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capsules). The humidity of air entering this system was maintained at 12% by passing
room air over a common, saturated lithium chloride solution. Post-capsular humidity was
measured using capacitance hygrometers (Clinical Engineering Solutions, NSW,
Australia), with inlet and exhaust air temperatures and humidities sampled at 1-s intervals
from six channels (DAS1602, Keithley Instruments, Inc., Cleveland, OH, U.S.A.), and
used to compute local sweat rates (Taylor et al., 1997). Hygrometer calibration, using
saturated salt solutions, preceded experimentation.

The sweat data acquisition system allowed localised sweat rate data to be recorded
from only six sites simultaneously, though all 11 capsules were positioned during
preparation. The remaining five capsules were continuously ventilated with room air
(36oC, 60% relative humidity), since we have previously established that such ventilation
prevents sweat droplets from accumulating beneath these capsules. During passive
heating, sweat rates from only six sites were measured, while during cycling, the sites
of measurement were interchanged repeatedly, with sweat capsules being connected to
the sweat system in an alternating pattern. Since the air within both capsule ventilation
systems had equilibrated with chamber air temperature before reaching the skin surface,
there were no local thermal influences on sweating induced by these capsule changes. In
addition, data for the first 7.5 min of each sampling period (step change in work rate)
were discarded. The capsule attached to the palm was always kept connected to the data
acquisition system. To minimise order effects associated with capsule rotation, two
different measurement sequences (Figure 2.9; Trials A and B) were created to ensure that
the initial sweat measurement sites were investigated in a balanced order (across
subjects). Subjects completed one trial only, with five completing each trial. Five minutes
prior to each work rate increase, the sites of sweat measurement were manually changed
(approximately 2 min) so that the other sites were now connected to the sweat system.
This rotation pattern continued until the trial ended.
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Figure 2.9 Ventilated sweat capsules positioned at the volar (A) and dorsal surfaces of
the hand (B). Two different measurement patterns (trials A and B) were derived to ensure
that the initial sweat measurement sites were investigated in a balanced order (across
subjects). One sweat capsule was also positioned at the forehead as a reference site.
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Body core temperatures (insulated auditory canal and rectal) and skin temperatures
were continuously measured using thermistors (Edale instruments Ltd., Cambridge,
U.K.). Auditory canal temperature was chosen as the representative core temperature due
to the minimal impact of air temperature on this index under the current experimental
conditions. Skin temperatures were measured at the forehead, chest, scapula, upper arm,
forearm, dorsal hand, thigh and calf, and an area-weighted summation of these
temperatures was used to compute mean skin temperature (ISO 9886:1992). In addition,
local skin temperatures of the palm, and the volar and dorsal aspects of the index and ring
fingers were recorded to evaluate local thermal influences on sweat secretion. All
temperatures were recorded at 5-s intervals using a portable data logger (1206 Series
Squirrel, Grant Instruments Pty Ltd., Cambridge, U.K.). Thermistors were calibrated
against a reference thermometer in a stirred water bath (Dobros total immersion, Dobbie
Instruments, Sydney, Australia). Heart rate was also monitored at 5-s intervals (Vantage
NV Sports Tester, Polar Electro Oy, Kempele, Finland).

2.3.2.4 Analysis
Regional differences in sweat rates within the hand were evaluated using data from
2-min periods immediately before changing sites of sweat measurements, and
immediately prior to each increase in work rate. Therefore, only data from the second
half of each period at a constant work rate were analysed. Sudomotor sensitivity (mg.cm2

.min-1.oC-1) at each site was derived from changes in sweat rate and auditory canal

temperature, computed across the first 45 min of exercise (after Taylor et al., 2006).
Between-site sudomotor differences for sweat rates, averaged over the full exercise
period, and sudomotor sensitivities were compared using one-way Analyses of Variance
and Tukeys HSD post hoc tests. Furthermore, localised sweat rates were evaluated over
the first 45 min of exercise using two-way Analyses of Variance, but gender-related
differences were not evaluated. Alpha was set at the 0.05 level for all analyses. Data are
presented as means with standard errors of the means (±) and standard deviations (SD).

2.3.3 Results
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To ensure that sweating responses were obtained across a broad range of
physiological strain (Table 2.7), three heat sources were used: incremental cycling, a
water-perfusion garment and humid heat. Whilst subjects ended each trial at different
times, data obtained from the last minute of exercise revealed that core temperature
peaked at 39.3oC (±0.1), while maximal heart rates averaged 178 b.min-1 (±3).
Forehead sweat secretion always exceeded that measured at any of the hand sites during
incremental cycling (P<0.05). When averaged across the exercise period, mean forehead
sweat secretion was 2.90 mg.cm-2.min-1 (±0.19), which was approximately 30% greater
than that recorded from the most prolific secretion site of the hand (dorsal surface).

On the volar surface of the hand, a progressively greater sweat secretion was
evident when moving from the proximal to the more distal sites, with the lowest sweat
rate observed at the palm, and the highest at the volar aspect of distal phalanges of the
middle finger and thumb (P<0.05). Conversely, no significant differences in secretion
were evident among the dorsal sites (P>0.05), which, in absolute terms, exceeded the
sweat rate of all volar sites, except those of the distal phalanges (P>0.05). Due to this
intra-segmental distribution, sweat rates were grouped into eight regions for statistical
analyses: dorsal distal phalanges (index finger and thumb), dorsal middle phalanx (little
finger), dorsal proximal phalanx (middle finger), volar distal phalanges (middle finger
and thumb), volar middle phalanx (little finger) and volar proximal phalanx (index
finger), and the dorsal hand and palm (Figure 2.10).

Local differences in sweat secretion existed at rest, and these were accentuated as
the work rate increased. Significant main effects for measurement sites were present when
palmar sweating was compared with each of the other hand locations (P<0.05), when
comparing sweating from the volar proximal and middle phalanges with each site on the
dorsal surface (P<0.05), and when the volar distal secretion was compared with that
from each of the other volar surfaces (P<0.05; Figure 2.10). Significant site by time
interactions were evident for the comparisons between the palm and each of the other
hand sites (P<0.05), for the comparison between the proximal sites of the volar and
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Table 2.7 Core temperatures and heart rates at the end of 40 min of passive heat loading
(rest), and during incremental cycling in the heat (36oC, 60% relative humidity; waterperfusion suit: 40oC). Data are means with standard errors of the means. Sample sizes
<10 indicate points at which subjects terminated the experiment.
Work rate
Core temperature
Heart rate
N
(W)
(oC)
(b.min-1)
Rest

10

37.2 ±0.1

82 ±4

50

10

37.2 ±0.1

105 ±4

75

10

37.6 ±0.1

127 ±6

100

10

38.2 ±0.1

151 ±6

125

8

39.0 ±0.2

172 ±5

150

3

39.4 ±0.2

179 ±4
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Figure 2.10 Local sweat rates from eight hand regions (glabrous: palm, and volar
proximal, middle and distal phalanges of the fingers and thumbs; non-glabrous: dorsal
hand, and dorsal proximal, middle and distal phalanges of the fingers and thumbs) during
rest and incremental cycling in the heat (36oC, 60% relative humidity; water-perfusion
suit: 40oC). Data were averaged over the last 2 min of each step increase in work rate (15
min), and are presented as means with standard errors of the means.
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dorsal surfaces (P<0.05), and for comparisons among the volar sites (P<0.05; Figure
2.10).

The lowest sudomotor sensitivity was observed for the palm (P<0.05), whilst no
statistical differences were evident among any of the other hand sites (P>0.05; Table
2.8). Thus, while sweating at the palm revealed a three-fold increase during exercise
(P<0.05), it was the least responsive site to increments in thermal strain. Since local skin
temperatures within the hand were generally quite uniform, and variations among sites
were non-significant (P>0.05; Table 2.8), then it is highly unlikely that between-site
variations in either sweating or sudomotor sensitivity were influenced by changes in local
skin temperatures.

Local sweat rates were averaged over the entire exercise duration to provide an
overall view of the sweat distribution for the hand surfaces (Figure 2.11). Palmar sweat
rate remained significantly lower than that observed at each of the other hand sites
(P>0.05). Sweat secretion from the volar middle phalanges was also lower than
secretion rates from the dorsal hand and distal volar locations (P<0.05). When
normalised to forehead sweating, mean sweat secretion from the palm represented only
13% of that secreted from the forehead over the same time, while sweating from the other
hand sites corresponded to 42-73% of the forehead sweat rate: volar middle phalanges
(42%), volar proximal phalanges (48%), dorsal proximal phalanges (58%), dorsal middle
phalanges (61%), dorsal distal phalanges (64%), volar distal phalanges (72%) and dorsal
hand (73%).

The mean sweat rate for each hand, when averaged across all 10 sites and over
the entire exercise period, was 46 mL.h-1 (1.63 mg.cm-2.min-1). However, this number
reflects an over-representation of the fingers, to which were attached eight sweat
capsules. If one divides the hand into four regions (palm, volar fingers, dorsal fingers,
dorsal hand), with each representing approximately 25% of the total hand surface area
(Table 2.6), and assuming each hand corresponds to approximately 2.5% of the total
body surface area (Hardy and DuBois, 1938), then the following local mean sweat flows
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Table 2.8 Local sudomotor sensitivities (computed across 45 min of exercise) and local
skin temperatures (40-45 min of exercise) of the forehead and hand during incremental
cycling in hot-humid conditions (36oC, 60% relative humidity; water-perfusion suit:
40oC). Data were collected from ten hand sites (with duplication on the volar and dorsal
surfaces of the distal phalanges), then reported as means with standard errors of the
means. * = Significantly different from palm (P<0.05).
Sudomotor sensitivity
Skin temperature
Location
(mg.cm-2.min-1.oC-1)
(oC)
Forehead

2.14 ±0.25*

---

Dorsal hand

1.58 ±0.37*

37.2 ±0.1

Dorsal middle phalanges

1.41 ±0.17*

36.8 ±0.4

Volar distal phalanges

1.37 ±0.17*

37.1 ±0.1

Dorsal distal phalanges

1.33 ±0.18*

37.0 ±0.1

Dorsal proximal phalanges

1.10 ±0.15*

---

Volar proximal phalanges

1.06 ±0.15

---

Volar middle phalanges

0.82 ±0.19

37.3 ±0.2

Palm

0.26 ±0.07

37.3 ±0.1
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Figure 2.11 Averaged sweat rates for eight hand regions. Data are means with standard
errors of the means, collected during incremental cycling in the heat (36oC, 60% relative
humidity; water-perfusion suit: 40oC), and averaged over the last 2 min of each work rate
elevation (15 min). Data for the phalanges were collected from the fingers and thumbs.
The total exercise duration averaged 61.2 min (range: 45-75 min). * = significantly
different from all sites (P<0.05); † = significantly different from the sites identified at
either end of the horizontal line (P<0.05).
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can be derived for each hand: 2.6 mL.h-1 (palm; 1 capsule; Figure 2.9); 11.8 mL.h-1
(volar fingers; 4 capsules); 12.4 mL.h-1 (dorsal fingers; 4 capsules); and 14.9 mL.h-1
(dorsal hand; 1 capsule). From these data, the mean hand sweat rate during exercise
becomes 1.49 mg.cm-2.min-1 (±0.27) or 41.7 mL.h-1, with the volar sites averaging 1.03
mg.cm-2.min-1 (±0.12) and the dorsal sites 1.93 mg.cm-2.min-1 (±0.13), with sweating
from the palm accounting for only about 6% of sweat secretion from this body segment.

2.3.4 Discussion
The current data provide a detailed description of sweating from the glabrous
(volar) and non-glabrous (hairy) surfaces of the hand during rest and exercise in the heat.
The exercise protocol, together with the two sources of exogenous thermal stress, induced
profuse sweat secretion, with the forehead sweat rate averaging 2.90 mg.cm-2.min-1
during exercise. Under these conditions, the average hand sweat rate was 1.49 mg.cm2

.min-1 (41.7 mL.h-1), with sweat secretion from dorsal hand sites being generally higher

than that observed at palmar surfaces, except for the volar distal phalanges. Using similar
experimental techniques and levels of thermal strain, we have previously reported the
average sweat rate of one foot to be 0.73 mg.cm-2.min-1 (Taylor et al., 2006), that of the
head (within the hairline) to be 1.95 mg.cm-2.min-1 (Machado-Moreira et al., 2008a), and
the mean torso sweat rate to be 1.35 mg.cm-2.min-1 (Machado-Moreira et al., 2008b). In
agreement with these investigations, the current project has also provided unequivocal
evidence for a non-uniform distribution of thermally driven eccrine sweating within the
hand, with secretion from the palm (glabrous) being markedly less than that observed at
any other hand site, and that from the volar hand surface (palm and fingers) showing a
proximal-to-distal increase in sweating. This pattern of sweat flow was not observed on
the dorsal aspect of the hand. Furthermore, these differences in sweating among the hand
sites became more marked as time and thermal strain progressed.

Differences in the anatomical and physiological characteristics of the glabrous and
non-glabrous aspects of the hand have been widely reported. For instance, variations in
vasomotor control have been observed within the palm, dorsal hand and dorsal fingers
(Johnson et al., 1995). Differences in sudomotor function among the hand surfaces are
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also evident, in particular that of the volar surface, which contains a very high density
of eccrine sweat glands (Table 2.6). Nevertheless, it appears that these regional
differences in the vasomotor and sudomotor function may not be directly linked (Johnson
et al., 1995). The eccrine sweat glands on the volar surfaces, like those of the foot
surface, tend to be less responsive to thermal stimulation (Kuno, 1956), though
significant increases in thermally driven sweating have been observed from both the
palmar and plantar surfaces (Hertzman et al., 1952; Taylor et al., 2006). Furthermore,
the current data demonstrate that this lower sensitivity to thermal strain is a feature only
of the palm itself, and is not evident at the other volar surfaces of the hand. These intrasegmental variations in sweat secretion are of relevance to clothing manufacturers as well
as physiologists. For instance, since the vapour resistance and moisture wicking
characteristics of fabrics used to manufacture gloves will affect either the evaporation of
sweat, or its removal from the skin surface, then a knowledge of the temporal and spatial
characteristics of the sweating from the hand surfaces forms an essential pre-requite for
the design of gloves to be used in conditions where significant hand sweating is
anticipated.

From a physiological perspective, one may speculate that differences in sweat
secretion within the hand can be explained by local variations in sweat gland densities,
glandular size or cholinergic sensitivity. From Table 2.6, it is evident that much greater
gland counts occur on the volar aspect of the fingers than at the palm, and from these
counts it is possible to compute mean glandular flows across the exercise period for the
different skin surfaces: 1.2 nL.min-1 (palm) and 2.4 nL.min-1 (volar fingers). For the
dorsal hand surfaces, the corresponding glandular flows are: 10.3 nL.min-1 (dorsal hand)
and 6.9 nL.min-1 (dorsal proximal and middle phalanges). Thus, it is likely that, for a
given sudomotor drive, more sweat glands were activated at the distal volar sites than at
the other volar surfaces in the current study, thereby producing a greater sweat secretion
(Figures 2.10 and 2.11). Furthermore, this greater sweat gland density at the finger pads
might allow these sites to sweat as profusely as the dorsal hand surface, which apparently
displays higher individual sweat gland flows, but with a lower glandular density. The
possibility exists that differences in sweat gland size on the dorsal surface may explain
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the regional distribution of sweating within the hand. It is also possible that sweat glands
on the dorsal surface have a greater cholinergic sensitivity than those on the volar
surface. However, we are unaware of experiments in which either of these characteristics
have been thoroughly investigated.

It is generally considered that the glabrous surfaces of the hand are adrenergically
activated during times of psychological stress, while the non-glabrous dorsal surfaces are
cholinergically innervated and primarily respond to thermal stimuli (Shields et al., 1987;
Iwase et al., 1997). The current data, and those of Taylor et al. (2006) for similar sites
on the foot, may be viewed as showing that both the glabrous and non-glabrous surfaces
of the hand and foot are simultaneously activated during thermal stimulation, presumably
through common efferent pathways. While the current data are consistent with this
possibility, the methods employed in these projects do not allow one to adequately test
this hypothesis.

2.3.5 Conclusion
Sweat is secreted from all volar and dorsal hand surfaces in response to passive
heating and incremental exercise in the heat, although its flow pattern is not uniformly
distributed. While the dorsal sites have a relatively consistent secretion pattern,
accounting for approximately 65% of the total hand sweat flow, volar sweating is far less
uniform. On this surface, the distal phalanges are the most responsive sites, with
secretion being similar to that observed from the dorsal hand surfaces. Sweating from the
palm is the lowest, averaging just 6% of the total sweat loss from the hand. Thus, it is
clear that this limb segment cannot be assumed to behave homogeneously with regard to
either its sudomotor or vasomotor heat loss responses.

88

2.4 DESIGN DATA FOR FOOTWEAR - SWEATING DISTRIBUTION ON THE
HUMAN FOOT 5

6

2.4.1 Introduction
Foot sweating is affected by both psychological and physiological factors. Sweat
glands from the plantar surfaces (sole) of the feet are stimulated during psychological
stress (Kuno, 1956; Machado-Moreira and Taylor, 2011a and 2011b) and, to a lesser
extent, by changes in body heat storage (Hertzman et al., 1952; Wurster et al., 1969;
Allen et al., 1978). It is generally considered that the dorsal (upper) foot surface responds
more to thermal stimuli than to psychogenic influences. Until recently (Taylor et al.,
2006; Fogarty et al., 2007; Smith and Havenith, 2011; Taylor and Machado-Moreira,
2011), little was known about the distribution of sweating among the foot surfaces.
However, for advances to occur in footwear design (socks and shoes) and in the tools
used in that research, such as thermal manikins, 'sweating feet' designed to quantify the
vapour resistance of textiles, clothing and footwear, or for development of mathematical
models of foot heat loss (Covill et al. 2011; Kuklane et al. 2000; Mekjavic et al., 2005),
more detailed information was required than is currently available. Moreover, clothing
and fabric manufacturers have sought to develop garments that better support heat
dissipation by taking advantage of regional variations in physiological heat dissipation
(body mapping). Such an approach may be possible in footwear development when more
information on foot sweating is available.

Accordingly, two laboratories have been independently and simultaneously
mapping the regional distribution of human sweat secretion using different techniques.
One group was responding to the interests of clothing manufacturers (Loughborough
University, United Kingdom), whilst the other was driven by questions related to the
development of sweating, thermal manikins (University of Wollongong, Australia). Being
5

This is a collaborative paper between the current laboratory and the Human Thermal Environments
Laboratory, Loughborough University (UK).
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Design data for footwear - sweating distribution on the human foot. International Journal of Clothing
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aware of each other's work, and also of the broad applications of the resulting data, it
was decided that a collaborative report should be written, in which both groups would
present their latest data for foot sweating, thus helping readers to obtain a more complete
appreciation of intra-segmental variations in sweating from one source.

One group had previously documented the temporal and spatial characteristics of
sweating for five surfaces of the foot (Taylor et al., 2006). However, for the current
report, a new experiment (using different subjects) was performed, in which the methods
were refined, measuring eleven foot sites and increasing the sample size from six to ten
participants. Within this laboratory, local sweat rates are measured using ventilated sweat
capsules. For this technique, air of a known water vapour pressure is passed over the
target skin surface, covered by a sealed capsule, at a pre-determined flow. This is
regulated to ensure complete evaporation, thereby increasing the water vapour pressure
of the effluent, which is measured downstream, permitting derivation of the local sweat
rate (Taylor et al., 1997). Thus, the skin is maintained in a constantly dry state (with
possibly a slightly lower skin temperature than normal due to more efficient evaporation),
causing this condition to differ from that which is usually seen. Normally, when sweat
rates are sufficiently elevated, some sweat remains unevaporated, and over a long period
(> 1 hour) this can reduce the volume of discharged sweat due to increased cutaneous
hydration (hidromeiosis: Collins and Weiner, 1962). Therefore, sweat rates recorded
using ventilated capsules represent ideal secretion rates, and these are typically higher
than might otherwise be obtained. Nevertheless, this technique is very sensitive, and can
even quantify insensible (transpirational) water losses, offering considerable temporal and
spatial precision, whilst providing superior dynamic sensitivity. This method is ideal for
investigating differences in intra-segmental sweat secretion.

The second group has previously communicated observations on the sweating foot
during loaded, uphill walking (Fogarty et al., 2007) and on whole body sweat distribution
in males (Smith and Havenith, 2011). However, the present data come from a new
experiment, using slightly modified techniques and a much larger sample of athletes
(increased from nine to 22), including females, running at 50 and 70 peak aerobic power
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(8 to 12 km/h). This laboratory chose to use absorbent patches attached to the target skin
surfaces. These are replaced at fixed intervals, with mass changes indicating local sweat
rates. This technique is ideally suited for a wide variety of applications for which
ventilated capsules may become impractical, e.g. inside a shoe (Smith et al., 2007;
Havenith et al., 2008). With this technique, where the skin is covered with absorbent
patches for approximately 5 minutes of every half hour, local sweat production may be
reduced as the microclimate water vapour pressure under the patch increases in this
period (no liquid sweat should remain on the skin as less than 5% of the patches'
absorptive capacity is used). Such a hidromeiotic effect is however only seen after long
periods of wet skin, but in general one may expect this method to under- rather than
over-estimate (as with the capsule method) actual sweat rates, especially in normally
uncovered skin. For application to the foot, where sweat evaporation in the shoe is
limited in most cases, the conditions in this method may be close to the real life situation.
Nonetheless, this technique is also very good for investigating differences in
intra-segmental sweat secretion, and data will reflect secretion rates from larger surface
areas under clothing than is the case with capsule measurement techniques.

Bringing together data obtained with both methods and from two independent
sources, the reader is provided with currently the most advanced dataset on foot sweat
distribution. One could reasonably assume that actual sweat rates in the field may fall
within the zones defined by these two datasets, obtained from a total population sample
of thirty-two individuals (males and females) during passive heating, running, and cycling
to fatigue. These data should help designers of socks and shoes to select the optimal
materials for different parts of the foot and e.g. target the wettest areas by extra
ventilation, for improving heat dissipation and comfort.

2.4.2 Methods
2.4.2.1 Sweat-patch study
2.4.2.1.1 Subjects
Twenty-two runners (nine males and 13 females: 21.6 y (SD 3.0), 64.8 kg (SD
10.0), 170.8 cm (SD 9.0)) performed 60 min of treadmill running, with the first 35 min
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at a low intensity (target 50% of maximal aerobic power; heart rate 125-135 beats.min-1),
followed by 25 min at a higher intensity (target 70% maximal power, heart rate 150-160
beats.min-1). Trials were conducted in a climate-controlled room (25oC and 45% relative
humidity). All procedures were approved by the Loughborough University ethics
committee, with subjects being screened for normal health status before providing
written, informed consent.

2.4.2.1.2 Preliminary methods
Participants first attended the laboratory for a sub-maximal exercise test and
anthropometric measurements (Lohman et al., 1988). The latter were used to calculate
sweat pad dimensions for each participant, with two sets of five pads for each foot
(Figure 2.12A) cut from absorbent material (Technical Absorbents Ltd., Grimsby, U.K.).
For the sixth site on each foot (dorsal surface), the cotton sock itself was used as the
absorbent. These pads were weighed inside individual, pre weighed, air-tight bags
(Sartorius 1213MP, Sartorius AG, Gottingen, Germany; resolution 0.01 g). The exercise
test was used to determine the experimental running speeds that would elicit the two
target work rates.

2.4.2.1.3 Experimental methods
Participants were advised to consume 20 ml of water per kg of body weight during
the 2 h prior to testing to maintain a euhydrated state. They were also advised against the
use of alcohol during the 24 h before testing, and the consumption of either food or
caffeine within 2 h of experimentation. Prior to each experimental run, participants were
weighed within minimal clothing, with weighing repeated immediately after each trial.
Water consumption was ad libitum during testing, and the volume was recorded.

Body core temperature was measured using an ingestible temperature pill that was
swallowed 5 h before the experiment (Mini Mitter Company, Inc. Bend, Oregon,
U.S.A.). These data were recorded at 15-s intervals (Vitalsense Integrated Physiological
Monitoring System, Mini Mitter Company, Inc. Bend, Oregon, USA). Heart rate was
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Figure 2.12 Location of sweat absorbent patches on the foot (2.12A), and ventilated
sweat capsule positions on the foot (2.12B). Site codes (2.12B): 1: Dorsal foot 1; 2:
Dorsal foot 2; 3: Lateral foot 1 (anterior); 4: Lateral foot 2 (posterior); 5: Dorsal toe; 6:
Plantar toe; 7: Medial foot 1 (anterior); 8: Medial foot 2 (posterior); 9: Sole 1; 10: Sole
2 (centre); 11: Sole 3; 12: forehead. Two measurement sequences (trials A [sites 2, 4,
5, 7, 10] and B [sites 1, 3, 6, 8, 9, 11]) were used to ensure that measurement sites were
investigated in a balanced order across subjects. The forehead was used as a reference
site.
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measured at 5-s intervals (model 810, Polar Electro Oy, Kempele, Finland).

Participants ran on a treadmill (h/p/cosmos gmbh, Nussdorf-Traunstein,
Germany) with speed individually adjusted to achieve the target work rate. To simulate
air movement, three, 50-cm diameter fans (JS Humidifiers Plc., Littlehampton, U.K.)
were arranged vertically to provide an even wind distribution at 2.0 m.s-1.

Participants exercised in standardised running clothing (Quechua Novadry,
Decathlon, France), cotton socks and running shoes without absorbent pads on the body.
To collect sweat samples, pads were applied in the last 5 minutes of each work intensity
only. Following 30 min of running at the first intensity, and again after 20 minutes at
intensity two, the participant ceased exercise, removed their footwear and the skin was
towel dried. At this time, infrared images of the foot surfaces were recorded to evaluate
local and mean foot skin temperatures (Thermacam B2 and Thermacam Reporter Pro,
FLIR Systems Ltd., West Malling, Kent, U.K.). Next pads were taken out of their plastic
storage bags and applied to the skin. Shoes were put on again and participants continued
their run for the 5-min sweat collection phase. At the conclusion of this period, the sweat
patches were removed and sealed in their plastic storage bags, the skin dried, and infrared
images taken for temperature registration, after which the participant dressed without
pads to continue the test.

Sweat samples were simultaneously collected from six foot sites from both feet:
the plantar (surface areas shown are for a single foot: sole: 89 cm2 (SD 26)) and dorsal
(upper) surfaces (285 cm2 (SD 76)), the plantar surface of the toes (53 cm2 (SD 15)), the
plantar surface of heels (42 cm2 (SD 16)), and the medial (inside) (84 cm2 (SD 21)) and
lateral (outside) ankle surfaces (76 cm2 (SD 19)). On average, these patches covered
90-95% of the foot surface. Socks were pre-fitted with five absorbent patches, with the
location of each patch marked on each sock. However, for the dorsal surface, the cotton
sock itself was used as the absorbent. Latex socks (Tribord Decathlon, Lille, France)
were applied over the cotton socks to ensure the pads were in intimate contact with the
target skin surface, and to prevent evaporation during the sweat measurement. Absorbent
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patches were placed on the lower leg to avoid sweat from higher areas contaminating the
foot patches.

Local sweat rates were derived from changes in pad masses, measured inside their
plastic air-tight storage bags (Sartorius 1213MP, Sartorius AG, Gottingen, Germany;
resolution 0.01 g). Since the original mass of the dorsal section of sock on its own was
unknown, it was dried for 24 h, resealed inside its airtight bag and weighed to establish
its dry, pre test mass. Local sweat production was calculated as:

Sweat rate = [(mw - md) / SA] / t * 60

(mg.cm-2.min-1)

Equation 2.1

where:
mw = wet mass (mg)
md = dry mass (mg)
SA = surface area of pad (cm2)
t = sample time (s)
60 = time correction constant.

Whole-body (gross) sweat loss was calculated from mass differences between the
start and end of each trial, adjusted for fluid consumption.

2.4.2.1.4 Data analysis
Data for males and females were analysed separately, and in comparison, using
repeated-measures, one-way analyses of variance with and without Bonferroni
corrections. Since the primary purpose of this paper is to describe sweating within the
foot, then data are presented as means with standard deviations (SD). Alpha was set at
the 0.05 level for all analyses.

2.4.2.2 Sweat-capsule study
2.4.2.2.1 Subjects
Ten healthy and physically active adults (five males and five females: 24.5 y (SD
2.2), 64.9 kg (SD 9.5), 173.7 cm (SD 10.2)) were sequentially exposed to passive (rest:
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50 min) and semi-recumbent, one-legged, incremental cycling in a heated, climatecontrolled chamber (36oC, 60% relative humidity) while wearing a whole-body perfusion
suit provided with heated water (40oC). These forcing functions were designed to
gradually induce hyperthermia, and possibly volitional fatigue, thus ensuring that the
sweating responses were measured across a broad range of thermal strain. No subject
suffered from hyperhidrosis or other sudomotor disorders. The Human Research Ethics
Committee (University of Wollongong) approved all methods, and subjects provided
written, informed consent prior to participation.

2.4.2.2.2 Experimental methods
Subjects wore running shorts and sports brassiere, but only one running shoe
(right foot). Each was asked to refrain from strenuous exercise, and from alcohol and
tobacco consumption during the 12 h before a trial. Before entering the chamber, subjects
were instrumented (thermistors, sweat capsules) and dressed in the water-perfusion
garment (Cool Tubesuit, Med-Eng, Ottawa, Canada).

During passive heating, subjects rested for 50 min in a hot-humid environment,
with the perfusion suit heating the skin using water from a regulated water bath (38-litre
water bath; Type VFP, Grant Instruments, U.K.), and provided at a flow of 0.3 L.min-1
(Delta Wing pump, Med-Eng, Ottawa, Canada).

Incremental cycling was performed on an electronically braked ergometer (Lode
Excalibur Sport; Groningen, Netherlands; 60 rev.min-1), modified for simultaneous use
by two cyclists. The subject cycled in the semi-recumbent position with the right leg,
completing approximately 50% of the external work. An assistant cycled in the standard
posture with the left leg. This technique allowed the left foot of the subject to remain
stationary for the analysis of local sweat secretion, whilst facilitating extended-duration
cycling without undue discomfort and premature fatigue. Exercise commenced at a work
rate of 50 W (15 min), which was followed by 25-W increments at 15-min intervals. On
average, subjects exercised for 68.2 min (SD 11.2) following the 50 min of passive
heating. Exercise was terminated at volitional fatigue or when core temperature exceeded
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39.0oC, with all subjects terminating at, or before a work rate of 175 W.

Local sweat rates were measured using ventilated sweat capsules positioned at the
forehead (reference site) and at eleven sites on the left foot (Figure 2.12B). Six larger
capsules (3.16 cm2) were attached to the forehead, dorsal foot (two capsules) and the
plantar surface (sole: three capsules). Six smaller sweat capsules (1.40 cm2) were attached
to the big toe (dorsal and plantar surfaces), and to the medial (two capsules) and lateral
(two capsules) aspects of the foot. This design permitted the pooling (averaging) of data
within similar intra-segmental sites to describe sweating on six foot surfaces: the dorsal
foot (centre and rear), dorsal toe, medial foot (front and rear), lateral foot (front and
rear), the sole (front, centre, rear) and the plantar surface of the big toe.

Capsules were glued to the skin to prevent leakage and pressure-induced artefacts
(Collodion U.S.P., Mavidon Medical Products, FL, U.S.A.). The pre-capsular airflow
to each capsule was independently regulated at 0.3 L.min-1 (small capsules) and 0.6
L.min-1 (large capsules). The relative humidity of this air was maintained at 12% by
passing room air over a saturated lithium chloride solution. Post-capsular humidity was
measured using capacitance hygrometers (Clinical Engineering Solutions, NSW,
Australia), with the inlet and exhaust air temperatures and humidities sampled
simultaneously at 1-s intervals from six channels (DAS1602, Keithley Instruments, Inc.,
Cleveland, OH, U.S.A.). These data were used to compute local sweat rates (Taylor et
al., 1997). Hygrometer calibration, using saturated salt solutions, preceded
experimentation.

This data acquisition system allowed localised sweat data to be recorded from only
six sites simultaneously, though all 12 capsules were positioned during preparation. The
remaining six capsules were continuously ventilated with room air, since this prevents
sweat droplets from forming beneath each capsule. During passive heating, sweating from
six foot sites was measured (plus forehead). During cycling, the sites of measurement
were interchanged every 15 min (at each step change in work rate), with sweat capsules
being connected to the sweat system in an alternating pattern. Since the air within both
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capsule ventilation systems had equilibrated with chamber air temperature before reaching
the skin surface, there were no local thermal influences on sweating induced by these
changes. In addition, data for the first 7.5 min of each sampling period were discarded.
To minimise order effects associated with capsule rotation, two different measurement
sequences were created (Figure 2.12B: trials A and B). This ensured that the sites
investigated at the start of each trial were studied in a balanced order across subjects.
Subjects each completed their single trial in a different sequence. Five minutes prior to
each work rate increase, the sites of sweat measurement were manually changed (~2
min) so that the other sites were now connected to the sweat system. This rotation pattern
continued until the trial ended, and permitted the collection of data from the middle 2 min
of each work load that was not influenced by capsule changes.

Body core temperature (insulated auditory canal) and skin temperatures were
continuously measured using thermistors (Edale instruments Ltd., Cambridge, U.K.).
Auditory canal temperature was chosen as the representative core temperature due to the
minimal impact of air temperature on this index under the current experimental
conditions. Skin temperatures were measured at the forehead, chest, scapula, upper arm,
forearm, dorsal hand, thigh and calf, and an area-weighted summation of these
temperatures was used to compute mean skin temperature (ISO 9886:1992). In addition,
local skin temperatures of the dorsal, medial, lateral and plantar (sole) aspects of the foot,
and the medial aspect of the big toe were recorded to evaluate local thermal influences
on sweat secretion. All temperatures were recorded at 5-s intervals using a portable data
logger (1206 Series Squirrel, Grant Instruments Pty Ltd., Cambridge, U.K.).
Thermistors were calibrated against a reference thermometer in a stirred water bath
(Dobros total immersion, Dobbie Instruments, Sydney, Australia). Heart rate was
measured at 15-s intervals (Vantage NV Sports Tester, Polar Electro Oy, Kempele,
Finland).

2.4.2.2.3 Data analysis
Intra-segmental differences in sweating were evaluated from the 2-min periods in
the middle of each work rate, immediately before changing sites of sweat measurement.
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Data were analysed using one-way analyses of variance and Tukeys HSD post hoc tests,
with no attempt to differentiate between genders. Alpha was similarly set at the 0.05 level
for all analyses, with data presented as means with standard deviations (SD).

2.4.3 Results
2.4.3.1 Sweat-patch study
During the 5-min sweat collection phase of the low and high exercise intensities,
heart rates averaged 134 beats.min-1 (±4) and 156 beats.min-1 (±4) respectively. The
corresponding core temperatures were 37.8oC (±0.3) and 38.1oC (±0.3). While these
data differed significantly between the two exercise intensities (P<0.01), gender
differences were only apparent for the baseline core temperature (lower for males) and
the absolute work rates necessary to elicit the target exercise intensities (both P<0.01),
i.e. females achieved the same target heart rate with less power produced and thus less
heat generated in the body. There were no gender-related differences in the local skin
temperatures, or between feet. The latter permitted pooling of data from both feet, within
subjects.

The males presented evidence for a non-uniform distribution of sweating (Figure
2.13), and this variability within the foot was significantly greater than that observed in
the females (P<0.01; Figure 2.14). Males sweated significantly more in all zones than
females (about 2.2 times more). The highest local sweat rate was observed in the medial
surface of the ankles in males (P<0.01 compared to all other zones) and females
(P<0.05 for all zones except heel), followed by the dorsal foot in the males. (P<0.05
compared to sole, toes and heel) with the plantar areas having the lowest sweat rates. In
the females, none of the other zones were significantly different from each other.

Sweat rate did not increase significantly from intensity one to two in either the
males or females. The distribution of the sweat over the foot was not different between
intensities. For the women, the sweat distribution pattern differed slightly from the males
(Figure 2.14), although not significantly so (P>0.05).
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Whilst the local skin temperatures of the foot differed following both exercise
intensities (P<0.01), there was no evidence of a correlation between the local skin
temperatures and local sweat rates during either exercise intensity (P<0.01).
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Figure 2.13 Local sweating responses within the feet of males during treadmill running
at two speeds in a climate-controlled room (25oC and 45% relative humidity). Data are
means with standard deviations obtained using absorbent patches, and arranged in
descending order as determined during low-intensity exercise. Statistical differences are
described within the text.
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Figure 2.14 Local sweating responses within the feet of females during treadmill running
at two speeds in a climate-controlled room (25oC and 45% relative humidity). Data are
means with standard deviations obtained using absorbent patches, and arranged in
descending order as determined during low-intensity exercise. Statistical differences are
described within the text.

102

2.4.3.2 Sweat-capsule study
Following passive heating, mean skin temperature increased from 33.5oC to
36.6oC, while the core temperature rose from 36.8oC to 37.3oC, and the final resting
heart rate was 87 beats.min-1. During this stage, a progressive elevation in sweat
secretion was observed from all foot surfaces, with a non-uniform distribution (Figure
2.15), as observed in the males of the sweat-patch study. Indeed, the plantar (sole and
toe) surfaces of the foot (Figure 2.12B) possessed the lowest sweat rates (P<0.05), while
the dorsal surface of the first toe produced the most sweat (P<0.05). However,
significant differences in sweating were not observed among sites located within the same
part of the foot (P>0.05). Therefore, data from within these locations were pooled to
furnish six intra-segmental sweat locations (Figure 2.15).

Subjects terminated incremental exercise with a mean core temperature of 38.9oC
(±0.1) and heart rates averaging 170 b.min-1 (±5), thereby ensuring that sweating
responses were indeed obtained across a wide range of physiological strain. Under these
conditions, forehead secretion averaged 2.76 mg.cm-2.min-1 (±0.36) across the exercise
duration. This was >50% more than that recorded from the most prolific secretion sites
of the foot (dorsal surface of the first toe). Sweating within each foot region (i.e. sole,
dorsal, medial and lateral surfaces) did not differ significantly during exercise (P>0.05),
thus permitting data pooling and the provision of six intra-segmental sites from the
original eleven sites investigated (Figure 2.12B).

As with passive heating, each foot site responded to the forcing function with
increases in sweating (P<0.05) concordant with changes in exercise intensity (Figure
2.16). These responses accentuated differences observed during passive heating, and
within the last exercise stage, local peak sweat rates averaged: 14.4 mL.h-1 (central dorsal
surface), 14.2 mL.h-1 (dorsal toes), 5.4 mL.h-1 (medial surface), 4.5 mL.h-1 (lateral
surface), 2.9 mL.h-1 (plantar surface (sole)), and 1.1 mL.h-1 (plantar toe). Significant
main effects for measurement sites were present for comparisons between the plantar toe
(lowest) and each of the other locations (P<0.05), except for the sole (P=0.076).
Sweating from the plantar surface differed significantly from all sites (P<0.05), except
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Figure 2.15 Thermal sweating from six foot sites in resting, passively heated subjects
(Figure 2.12B). These data are 2-min averages obtained at the end of 50 min of heating
(36oC, 60% relative humidity, water-perfusion suit: 40oC). Data are means with standard
deviations collected using ventilated sweat capsules. * = significantly different from the
dorsal toe (P<0.05).
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for the medial (P=0.065) and lateral aspects of the foot (P>0.05). In addition, dorsal
foot sweat rates, which had previously been described to be the highest within the foot
(Taylor et al., 2006), were significantly greater than measured from the lateral foot
surface (P<0.05), with dorsal toe secretion exceeding that from the medial foot
(P<0.05). Finally, significant site-by-time interactions were evident for the comparisons
between the plantar toe and each of the other foot sites (P<0.05), except the sole
(P=0.068).

To derive an integrated view of these intra-segmental sweating differences, data
were averaged across the entire exercise phase (Figure 2.17). In general, these data
showed the highest sweat rates appeared across the dorsal foot surface (including the big
toe), with the medial and lateral aspects displaying intermediate secretion rates, and the
plantar regions (sole and big toe) being the least responsive to these thermal and exercise
stresses.

When considered across the eleven measurement sites within the foot, across both
genders during rest and exercise, and across core temperatures ranging from 36.838.9oC, the average discharged sweat from one foot was 0.76 mg.cm-2.min-1 (27.6 mL.h1

). For applied purposes, but also on the basis of the integrated sweat responses, one

could sub-divided the foot into four zones, which can be assigned the following fractional
area weightings and shapes: plantar surface (40%: rectangular), dorsal surface (25%:
rectangular), and the medial (15%: wedge) and lateral surfaces (15%: wedge). It was
further assumed that the dorsal and plantar toe surfaces each represented 5% of the foot
surface. From these assumptions, the following local sweat rates from a single foot were
computed using data derived during exercise: 9.6 mL.h-1 (central dorsal surface), 3.9
mL.h-1 (medial surface) 3.5 mL.h-1 (lateral surface), 7.5 mL.h-1 (plantar surface (sole)),
2.2 mL.h-1 (dorsal toes), and 0.8 mL.h-1 (plantar toes). Therefore, approximately 70%
of the sweat secreted from the foot is likely to appear on its upper surfaces (including
medial and lateral sites). There were seven capsules positioned at these sites, and they
revealed an average secretion rate of 0.90 mg.cm-2.min-1 during exercise. For the plantar
surfaces (three capsules), the corresponding mean sweat flow was 0.47 mg.cm-2.min-1.
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Figure 2.16 Dynamic sweating responses of six foot sites (Figure 2.12B) during
incremental, one-legged cycling in the heat, following 50 min of passive heating (36oC,
60% relative humidity, water-perfusion suit: 40oC). For clarity, only means are provided.
Only five subjects remained exercising at 150 W, and data at 175 W (N=1) have been
eliminated due to the high subject drop-out at, or before this work rate. Statistical
differences are described within the text.
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Figure 2.17 Sweat secretion rates from six foot sites (Figure 2.12B) averaged across
incremental, one-legged cycling in the heat (68.2 min (SD 11.2)), following 50 min of
passive heating (36oC, 60% relative humidity, water-perfusion suit: 40oC). Data are
means with standard deviations collected using ventilated sweat capsules. * =
significantly different from the dorsal toe (P<0.05); † = significantly different from the
dorsal foot (P<0.05).
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2.4.4 Discussion
The hands and feet possess very high, area-specific heat conservation and
dissipation capacities (Taylor et al., 2011), and this paper has established that, while the
plantar surface is absolutely thermo-responsive, the dorsum of the foot is capable of
producing 65-70% of the sweat discharged from each foot (Taylor et al., 2006; Fogarty
et al., 2007; Taylor et al., 2011). These last characteristics were reinforced by the
current data, rendering these as facts confirmed by separate experiments using different
techniques.

To these attributes, we can now add a number of new findings. Firstly, when
measured with sweat capsules, sweating from bare feet progressively increases when heat
strain increases (Figure 2.16). However when measured inside shoes, sweat rate levels
off (Figure 2.13 and 2.14). This difference may be caused by the measurement technique,
as introduced earlier. In the capsule system, skin is kept dry and sweating increases with
core temperature. In the absorbent method, measurements took place inside the actual
shoe. Though the patches were applied only briefly (5 min), the feet were enclosed in the
shoe for the whole test. Hence, moisture build-up in socks and shoes may have induced
slight hidromeiosis (skin swelling due to hydration, closing sweat ducts), causing
sweating to be suppressed. In this case, the sweat absorbent technique may produce the
more realistic results for the feet, which are usually enclosed.

Secondly, the wearing of shoes reduced the variation in sweat rate that was
observed over the nude foot within the sweat capsule trials (Figure 2.13 and 2.17).
However, this variation seems to be less evident in females (Figure 2.13 and 2.14), and
variation was also minimal on the sole areas in both studies. Thirdly, from the running
experiments, it was observed that the male foot secreted more than twice the sweat
produced by the feet of women for the same relative workload (same heart rate). This
was, in part, caused by the males having a 45% higher metabolic heat production at this
same heart rate. Fourthly, if one compares the capsule data to the absorbent data, the
patterns of sweat distribution are very similar. Of the zones measured in both
experiments, the dorsal foot sweats most and the plantar toe and the sole the least. This
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is the case for both the passive and the exercise conditions.

Finally, across both studies, the measured male sweat rates (for zones measured
in all tests) were in very similar ranges: rest plus heat (hot skin) gives a range of 0.23 to
0.5 mg.cm-2.min-1; running with a core temperature around 38ºC gives 0.3 to 0.5 mg.cm2

.min-1; and cycling to exhaustion and 38.9 degrees core temperature an average of 0.41

to 1.2 mg.cm-2.min-1.

A principal limitation of quantifying discharged sweat from active and clothed
surfaces, specifically the palmar/plantar aspects of the hands and feet, is the interference
of physical activity on these measurements. In the current investigation, two novel
solutions were implemented, making it possible for sweat to be measured in 32
participants, from eleven sites across the foot surface, and even from within shoes during
running. Indeed, these observations enable a clearer understanding of the entire range of
sweating occurring in resting and passively heated individuals, through to people
undertaking two steady-state running intensities, and finally to others involved in
incremental cycling to profound, but regulated hyperthermia. Given that sweat capsule
techniques tend to over-estimate sweating in clothed people, and sweat-patch methods
may artificially suppress sweating, then one may reasonably assume that actual foot sweat
rates may be located between these two data sets. The fact that the observed sweat rate
ranges overlap strengthens these data.

These observations can be used in various ways. Apart from the pure academic
interest in gender differences and in sweat generation, these data allow a number of
practical applications. The first is their use in footwear design. On various occasions the
authors were asked for foot sweat data by clothing and footwear designers to help them
consider required moisture absorption rates and required moisture transfer rates for
footwear. Moisture transfer in footwear is often problematic, especially when water
repellence or waterproofing is desired. Fabrics are treated to achieve this objective, or
semi-permeable membranes are included within footwear. These typically reduce
moisture permeation, and thus moisture absorption capacity becomes more important.
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Where shoes can be made more open, the presented data allow estimates of the amount
of permeation or ventilation required in the footwear to remove most sweat (Ueda et al.
2006). A second application is the design of sweating manikins or specialised sweating
feet for footwear testing. In the past, these had uniform sweat rates over the whole body,
but with data like those presented here becoming available, more realistic designs are
possible, providing more realistic simulations. Finally, these data can be used by those
modelling thermoregulation (e.g. Covill et al., 2011), allowing these researchers too to
differentiate sweating for different body parts.

2.4.5 Conclusion
Two general conclusions may be derived from this series of experiments on the
sweating foot. Firstly, the feet are not sites of prolific sweat production during rest, but
they produce moderate flows from the dorsal surface during exercise. Secondly, the feet
may be considered to have at least two general sweat distribution patterns during exercise
in the heat, with low secretion rates from the sole and the lateral foot, and with
significantly greater sweating from the dorsal surfaces.
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CHAPTER 3: REGIONAL DIFFERENCES IN NON-THERMALLY MEDIATED
SWEATING 1
In the preceding Chapter, local variations in thermal sweating were reported.
Now, regional differences were examined during non-thermal stimulation. Indeed, prior
to the current mapping, precise information regarding localised sweat responses to this
type of stimulation was limited to data from only a few skin sites. As a principal focus
of this research was the neural control of human eccrine sweating, and since it was
generally accepted that the regional distribution of thermal and non-thermal sweating
would somehow reflect differences in the modulation of these types of sweating, possibly
with separate innervation reaching sweat glands from different skin surfaces (see Chapter
1: Figure 1.3), it was critical to investigate both thermally- (Chapter 2) and non-thermally
mediated sudomotor responses (current Chapter) from various sites across the body.

Initially, it was aimed to give the sweat glands from all skin regions the best
possible chance to respond, as it was anticipated that non-thermal sweating would be less
profuse and, thus, it could remain undetected. To prevent this from occurring, in the first
series of experiments (Section 3.1), sweat glands were primed prior to the application of
non-thermal stimuli. This was accomplished by passively heating the subjects in such a
way that low-intensity, steady-state sweating was established prior to non-thermal
stimulation. Indeed, this protocol facilitated the detection of psychological (non-thermal)
sweating from most sites examined. However, the majority of the experiments available
in the literature with regard to the distribution of non-thermal sweating was probably
performed with the subjects in the thermoneutral state (there is usually only limited
information on the individuals thermal state in those studies), and this probably prevented
the detection of sweat secretion during these trials, and led the authors to conclude that
this form of sweating would be restricted to certain skin areas (see Chapter 1: Figure
1.3). In addition, the techniques used to measure sweating may have also contributed to
the failure to detect small sudomotor responses. Accordingly, in the second study

1

The text within this chapter was reproduced directly from two manuscripts, completed as part of this
dissertation. References details for these papers are provided in each section.
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described within this Chapter (Section 3.2), it was considered essential to measure
primary sweating, and for this, it was necessary to use a very sensitive technique (skin
conductance: please see also Appendix A) in addition to the ventilated sweat capsules
used in previous trials.

In the following sections, these two studies were presented, with text reproduced
directly from two scientific papers completed as part of this dissertation, and recently
accepted for publication.

3.1 SUDOMOTOR RESPONSES FROM GLABROUS AND NON-GLABROUS
SKIN DURING COGNITIVE AND PAINFUL STIMULATIONS FOLLOWING
PASSIVE HEATING 2
3.1.1 Introduction
In hot conditions, evaporative cooling is the primary avenue for physiological heat
dissipation. However, increased sweating can also be observed following altered
emotional and affect states (e.g. anxiety, cognitive stress, fear, pain). This is known as
emotional (Shields et al., 1987; Asahina et al., 2003) or mental sweating (Harrison and
MacKinnon, 1966; Homma et al., 2001). Herein, such sweating will be collectively
described as psychological or psychogenic sweating, and this form of non-thermal
sweating was the central focus of this research.

Thermal sweating has been extensively investigated, and it is known that human,
heat-activated eccrine glands are innervated by cholinergic, sympathetic neurons
(Schotzinger and Landis, 1988) controlled by the preoptic anterior hypothalamus (Teague
and Ranson, 1936; Hardy et al., 1964; Boulant et al., 1989). Indeed, the inter- and intrasegmental differences for thermal sweating are now well established (Taylor et al., 2006;
Machado-Moreira et al., 2008a, 2008b, 2008c; Smith and Havenith, 2011; Smith et al.,
2011). On the other hand, neither the neural modulation nor the regional distribution of
2

Machado-Moreira, C.A., and Taylor, N.A.S. (2011). Sudomotor responses from glabrous and nonglabrous skin during cognitive and painful stimulations following passive heating. Acta Physiologica. In
press.
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psychological (non-thermal) sweating has been definitively resolved, although it is widely
accepted that this form of sweat secretion is limited to the glabrous (hairless) skin
surfaces (e.g. palms and soles: List and Peet, 1938), and is possibly of noradrenergic
origin (Robertshaw, 1977; Nakazato et al., 2004). Moreover, it has even been
hypothesised that two parallel, yet interactive sudomotor centres may exist; one for the
control of thermal sweating from the non-glabrous (hairy) surfaces, and the other for
modulating psychological sweating from glabrous skin (Darrow, 1937; Kuno, 1956;
Ogawa, 1975). These views represent a widely accepted tenet within thermal physiology,
and the aim of this project was to evaluate some of these beliefs.

Whilst the thermal sudomotor centre receives feedback from the deep and
superficial thermoreceptors, the proposed psychological sweating centre is thought to
receive supra-medullary afferents associated with higher mental activities and emotional
states (Ogawa, 1975; Homma et al., 1998, 2001). It is believed that these thermal and
psychological centres may interact at some level, sometimes in a facilitatory, but also in
a mutually inhibitory manner (Ogawa, 1975). These hypothetical relationships are
illustrated in Figure 3.1.

Unfortunately, our knowledge of psychological sweating, as modelled above,
relies largely upon observations made from a limited number of skin surfaces; typically
the glabrous surfaces of the hands and feet. As a result, insufficient data exist from which
a thorough evaluation of this model could be undertaken. Therefore, the current project
was designed to provide these data, with both thermal and psychological sweating being
induced from a large number of glabrous and non-glabrous skin surfaces. It was first
hypothesised that neither thermal nor psychological sweating would be restricted to welldefined skin surfaces, but both would be ubiquitous in nature. It was also hypothesised
that thermal sweating would not be inhibited by the application of non-thermal stimuli.

Since the thermal and hypothetical psychological sudomotor centres are believed
to interact, and since it is likely that thermal loading (sweat gland priming) would enable
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Figure 3.1: Hypothetical mechanisms for the neural control of human eccrine sweating
during thermal and psychological (psychogenic) stress. The ideas summarised in this
model arose originally from the classical reports of Chalmers and Keele (1952) and Kuno
(1956), with refinements added by Ogawa and colleagues (1975, 1977), and eventually
by Iwase et al. (1997). The current experiments were designed to test several underlying
assumptions of this control model. Symbols: + = excitatory pathway; - = inhibitory
pathway.
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a more complete expression of non-thermally mediated sweating (Kuno, 1956; Kennard,
1963; Kondo et al., 2002; Shibasaki et al., 2006), then it was considered necessary to
first examine the distribution of psychological sweating within individuals in whom
steady-state thermal sweating had been established. Therefore, sudomotor function was
investigated in pre-heated subjects, a state that should optimise sweat gland sensitivity to
subsequent non-thermal stimuli, and the regional distributions of psychological and paininduced sweating were mapped across 38 skin sites within eight body segments. Such
mapping would also permit an evaluation of the third hypothesis for this project. That is,
it was postulated that, in addition to psychological sweating not being restricted to
discrete body surfaces, its whole-body distribution would simply reflect the regional
distribution of thermal sweating, as would be the case if it was activated via the same
neural pathways.

3.1.2 Methods
3.1.2.1 Subjects
Regional variations in psychological sweating were investigated in thirty healthy,
University students (22 males and eight females: 24.7 years (SD 3.5); 71.6 kg (SD 9.5);
1.77 m (SD 0.09)) across six different experiments, spaced at least one month apart.
These separate experiments focussed on localised, psychological sweating from the head
(6 sites; N=10 (males only)), torso (6 sites; N=10 (males only)), the arm and forearm
(5 sites; N=5 (males only)), the hand (4 sites; N=10 (males and females)), the thigh and
leg (6 sites; N = 5 (males only)), and the foot (5 sites; N=10 (males and females)).
Participants wore only running shorts (plus tops: females) and a water-perfusion suit, and
provided written, informed consent to procedures approved by the Human Research
Ethics Committee (University of Wollongong).

3.1.2.2 Procedures
Each experiment was based upon the same general procedure. Within every trial,
and across all experiments, passive heating was first used to establish and to clamp
steady-state thermal sweating (heated climate chamber and water-perfusion garment).
This clamp was sustained for the rest of the trial, with non-thermal sweating then
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superimposed upon this background, and being induced using a cognitive-function task
and an acute painful stimulus. Intra-segmental differences between sweat secretion
elicited by these thermal and experimental treatments were used to determine the
presence, and the distribution of non-thermal sweating. For each participant, intrasegmental differences were explored within only one trial, and with each subject acting
as his/her own control. Gender comparisons were not explored, allowances were not
made for variations in menstrual function and comparisons across body segments were
not developed, as these were not central foci of this research.

During the preparatory period (30-45 min, 20-22oC), participants sat quietly
whilst skin from the target surface was shaved to facilitate sweat capsule attachments, and
this included the entire head. Subjects were instrumented with core and skin thermistors,
a heart rate monitor and ventilated sweat capsules, and dressed in a water-perfusion
garment (Cool Tubesuit, Med-Eng, Ottawa, Canada). On completion of this preparation,
subjects entered a pre-heated, climate-controlled chamber (36oC, 60% relative humidity).

Since the aim was to evaluate non-thermal sweating from a baseline of steady-state
thermal sweating, then participants rested (sitting) for 25 min in this chamber, during
which the perfusion garment was supplied with heated water (40-46oC: 38-litre water
bath; Type VFP, Grant Instruments, U.K.) at 0.3 L.min-1 (Delta Wing pump, Med-Eng,
Ottawa, Canada). Subjects were asked to remain as quiet as possible during this
preliminary heating phase, with the non-thermal stimuli (treatments: a cognitive challenge
and a painful stimulus) only being administered after thermal sweating had reached a
clamped steady state. This was defined in all experiments by the attainment of a stable
(primed) sweat rate from each of the sites being investigated, following an elevation of
body core temperature by 0.5oC relative to the pre-heating baseline. Since subjects were
passively heated using water baths and perfusion garments, skin temperatures were very
uniform across both trials and participants. Therefore, the mean body temperature was
also deemed to have been elevated and clamped. In trials involving the head (only), the
painful stimulation was not administered. In three experiments (torso, hand, foot), these
stimuli involved a 15-s painful stimulation followed by a 1-min cognitive challenge. In
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experiments involving the upper and lower limbs, the cognitive challenge preceded the
painful stimulus. For every trial, a 3-5 min inter-stimulus interval was used to ensure the
re-establishment of the basal (background), steady-state thermal sweating between
successive treatments.

3.1.2.3 Non-thermal stimuli
Cognitive challenge: Several cognitive-function tasks were used in these
experiments. In the first experiment (the head), tasks involving either filtering or the
verbal working memory were used to stimulate cognitive processing (Shephard and
Kosslyn, 2005). These were alternated across trials to minimize familiarity and adaptation
within subjects. However, these are somewhat complex tasks that also required motor
responses (personal digital assistant). Although these were minimal, and caused no
significant impact on sweating, it was considered ideal to prevent this non-thermal
artefact in subsequent experiments. Therefore, since it was not the nature of the cognitive
task that was important, and since quantitatively similar sweating responses could also
be elicited using mental arithmetic tasks, then in all subsequent experiments, subjects
performed a series of arithmetic calculations lasting 1 min, with participants challenged,
and verbally encouraged, to solve as many problems as possible.

Acute pain: Pain was also investigated, as it has long been considered to fall
within the emotional domain, and has previously been used to elicit emotional sweating
(List and Peet, 1938; Kuno, 1956; Abram et al., 1973). The painful stimulation was
mechanically induced (15 s) using a controlled force applied to the right palm with a fine,
but blunt tool attached to a modified dynamometer (Nicholas MMT, Model 01160,
Lafayette Instrument, Co., Lafayette, IN, U.S.A.). In all trials, pressure application by
the experimenter was standardised using pressure transducer feedback.

3.1.2.4 Measurements
Local sweat rates were measured using ventilated sweat capsules (1.40 and 3.16
cm2) glued to the skin to prevent leakage and pressure-induced artefacts (Collodion
U.S.P., Mavidon Medical Products, FL, U.S.A.), and connected to a sweat-monitoring
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system (Clinical Engineering Solutions, NSW, Australia). The pre-capsular airflow to
each capsule was independently regulated at 300 (smaller capsules) and 600 mL.min-1
(larger capsules), with inlet humidity maintained at 12% by passing room air for all
capsules over a common, saturated lithium chloride solution. These flows ensured
complete evaporation at the highest projected sweat rates. The humidity of the postcapsular air was measured using capacitance hygrometers, with inlet and exhaust air
temperatures and humidities sampled from six channels simultaneously at 1-s intervals
(5-s during the head trials; DAS1602, Keithley Instruments, Inc., Cleveland, OH,
U.S.A.). These data were used to compute local sweat rates (Taylor et al., 1997).
Hygrometer calibration, using three saturated salt solution standards, preceded
experimentation. Local sweat rates were measured at 38 sites distributed within eight
body segments across these six experiments: head, torso, upper arm plus forearm, hand,
thigh plus leg, and foot (Figure 3.2).

Auditory canal (insulated) temperature was recorded at 5-s intervals (Edale
instruments Ltd., Cambridge, U.K.) as the representative body core temperature. Skin
temperatures from eight body regions were recorded at the same time interval (forehead,
chest, scapula, upper arm, forearm, dorsal hand, thigh and calf: Type EU, Yellow
Springs Instruments Co. Ltd., Yellow Springs, OH, U.S.A.), and were used to calculate
mean skin temperature (ISO 9886:1992). In addition, skin temperatures were measured
next to each sweat capsule. These data were collected using a data logger (1206 Series
Squirrel, Grant Instruments Pty Ltd., Cambridge, U.K.). Whilst most skin temperatures
were uniformly heated and clamped, mean body temperature was still derived from a
weighted summation of core (90%) and mean skin temperatures (ISO 9886:1992), since
it was the regulated variable of interest. All thermistors were calibrated against a certified
reference thermometer in a stirred water bath (Dobros total immersion, Dobbie
Instruments, Sydney, Australia). Heart rate was continuously monitored at 5-s intervals
(Vantage NV, Polar Electro SportTester, Finland).
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Figure 3.2: Sweat capsule placements. Head: 1 forehead, 2 lateral I, 3 lateral II, 4 lateral
III, 5 top I, 6 top II; Torso: 7 chest, 8 abdomen, 9 upper lateral, 10 lower lateral, 11
upper back (not shown), 12 lower back (not shown); Arm: 13 proximal volar upper arm,
14 distal volar upper arm, 15 dorsal upper arm; Forearm: 16 volar forearm, 17 dorsal
forearm; Thigh: 18 upper anterior, 19 lower anterior, 20 upper posterior, 21 lower
posterior, 22 upper medial, 23 lower medial; Leg: 24 upper lateral, 25 lower lateral, 26
upper posterior, 27 lower posterior, 28 upper medial, 29 lower medial; Hand: 30 dorsal
hand, 31 dorsal fingers, 32 volar hand (palm), 33 volar fingers; Foot: 34 dorsal foot, 35
dorsal toe, 36 lateral foot, 37 medial foot, 38 volar foot (sole).
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3.1.2.5 Analysis
Baseline thermal sweating (immediately before each treatment) and the peak nonthermal sweat rates (highest secretion elicited by each treatment) were calculated for each
of the 38 sites investigated. In addition, the change in sweating (peak minus baseline) and
the rate of change in sweat flow (sudomotor acceleration: µg.cm-2.min-2) before (1 min),
and during the entire treatment period were derived for each site. One-way analyses of
variance were used to compare inter-site sudomotor differences within each body
segment, and Tukeys HSD post hoc tests were used to isolate sources of significant
differences. Student t-tests were used to evaluate intra-site sweating changes (baseline
versus peak sweat rates), and sudomotor accelerations before and during each nonthermal stimulus. For all analyses, alpha was set at the 0.05 level. Finally, Spearman
rank-order analyses were used to compare the regional variations in non-thermal sweating
with data obtained from the same sites during resting, passive heating (Taylor et al.,
2006; Machado-Moreira et al., 2008a, 2008b, 2008c; Smith et al., 2011). Data are
presented as means with standard errors of the means (±) and standard deviations (SD).

3.1.3 Results
The impact of the preliminary thermal loading (sweat gland priming) upon body
temperatures was very similar in all trials. Therefore, when averaged across experiments,
the resting mean body temperature increased from its pre-experimental level of 35.2oC
(±0.2; core temperature 36.6oC (±0.1)) to 37.0oC (±0.1; core temperature 37.1oC
(±0.1); P<0.05) following the first 25 min of passive heating. Beyond this time, mean
body and core temperatures remained constant due to the thermal clamping procedures,
averaging 36.6oC (SD 0.1) and 37.1oC (SD 0.1, respectively) across all trials and
experiments (P>0.05). This level of thermal strain induced a generalised, steady-state
thermal sweating response prior to the application of the non-thermal stimuli, but
secretion varied considerably across both the glabrous and non-glabrous skin surfaces.
For instance, after 25 min of heating, the primed thermal sweating ranged from 0.11
mg.cm-2.min-1 (±0.03) at the lower medial aspect of the thigh, to 1.09 mg.cm-2.min-1
(±0.23) at the forehead. However, across the 38 sites investigated, the pre-treatment
thermal sweating averaged 0.30 mg.cm-2.min-1 (±0.03), while the mean sweat rate during
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the inter-stimulus intervals was 0.28 mg.cm-2.min-1 (±0.03); these differences were not
statistically significant (P>0.05). When averaged across all trials, the pre-treatment
steady-state heart rate after 25 min of passive heating was 82 beats.min-1 (±2).

From these baselines, the cognitive challenge significantly elevated sweating at
28 of the 38 sites investigated (74%; P<0.05), and across all sites, peak sweating
averaged 0.51 mg.cm-2.min-1 (±0.05), while the peak heart rate was 95 beats.min-1 (±3).
Similarly, acute pain elicited significant sudomotor responses from 23 of the 32 sites
examined (72%; P<0.05), with the peak sweating now averaging 0.47 mg.cm-2.min-1
(±0.04). The peak heart rate for this treatment was 88 beats.min-1 (±3). At no site was
thermal sweating inhibited during either of these non-thermal treatments. Instead,
significantly enhanced sweating was generally evident at both the glabrous and nonglabrous surfaces (P<0.05), and this occurred without an increase in the body core,
mean body or the local skin temperatures (P>0.05). These responses are illustrated in
Figure 3.3, using the foot as an example.

The most responsive body segments during the cognitive challenge were the head,
torso, hand and the foot, with significant increases in the sweat rate evident at all 21 sites
investigated within these regions (Figure 3.4; P<0.05). Conversely, the lower limb was
generally unresponsive, with only three of the 12 sites studied showing a significant
sudomotor response (Figure 3.4; P<0.05). This limb, and in particular the thigh (Cotter
et al., 1995), has a low thermal sweat response, and its reaction to a local
pharmacological stimulus (methacholine) is only about half of that observed at the
forehead, chest, back and forearm (Thoicharoen and Taylor (2003), unpublished
observations). At each of the ten sites where sweating increased within the arm, forearm,
thigh and leg, yet failed to attain statistical significance, one or two less responsive
individuals dictated this outcome, as the limb experiments were somewhat underpowered.
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Figure 3.3: Sudomotor responses from non-glabrous (hairy: plantar) and glabrous
(dorsal) surfaces of the foot, before and during a cognitive (psychological) challenge
(panel A) and a painful (panel B) stimulus. Shaded bars in the lower panels define the
stimulation periods. These treatments were applied after steady-state thermal sweating
had been established (chamber: 36oC, 60% relative humidity; water-perfusion suit: 40oC).
Data are presented as means with standard errors of the means indicated at 30-s intervals
(N=10). Statistical details for all intra- and inter-site comparisons are provided in Figures
4 and 5, and Table 1. Abbreviation: Tb = mean body temperature.
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Figure 3.4: Steady-state thermal sweating preceding a cognitive challenge (baseline: open
bars) and peak secretion elicited by these stimuli (filled bars). Data are means with
standard errors of the means for 38 sites across eight body segments: head (N=10), torso
(N=10), arm (N=5), forearm (N=5), hand (N=10), thigh (N=5), leg (N=5) and foot
(N=10). This form of psychological stimulation was applied after steady-state thermal
sweating had been established (25 min: chamber: 36oC, 60% relative humidity; waterperfusion suit: 40-46oC). Symbols: * = significantly different from baseline sweat rate
within the same site (P<0.05); † = significant change in sweating (peak minus baseline)
relative to all sites within the same segment (P<0.05); ‡ = significantly different change
in sweating (peak minus baseline) relative to the dorsal upper arm and distal volar upper
arm (P<0.05).
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Qualitatively and quantitatively similar sweating responses were evoked by the
painful stimulus. The torso, hand and foot were again the most responsive segments, with
augmented sweating evident at all sites within these regions (Figure 3.5; P<0.05). In
addition, within the upper limb, significantly elevated sudomotor responses were
observed at sites located on the dorsal, upper arm and at its proximal, ventral (volar)
surface near the axilla (P<0.05), but not at its distal, ventral aspect (near the elbow).
Within the forearm, however, neither the dorsal (P=0.11) nor the ventral surface
(P=0.06) was responsive. Within the thigh and leg, significantly elevated sweating was
observed for only 50% of the sites investigated (P<0.05), but this too was attributable
to the experimental power.

To test the possibility that these regional variations in psychological sweating
might reflect the distribution of thermal sweating (hypothesis three), the current
psychological and pain-induced responses were compared with thermal sweating obtained
from the same sites using identical methods applied to passively heated, resting subjects
(Taylor et al., 2006; Machado-Moreira et al., 2008a, 2008b, 2008c; Smith et al., 2011).
Rank-order correlations between these data sets supported this possibility, revealing
correlations of 0.83 for cognitive stimulation and 0.89 for pain-induced sweating.
Therefore, it appeared that variations in the regional distribution of sweating following
these non-thermal stimuli could mostly be explained on the basis of the distribution of
thermal sweating.

The change in sweating accompanying these non-thermal stimuli was relatively
homogeneous within each body segment. Indeed, significant inter-site differences were
evident only within the head, upper limb and hand during the cognitive tasks (Figure
3.4), and within the hand for the acute pain stimulus (Figure 3.5). Furthermore, there
was no consistent evidence for a difference in response pattern between the glabrous and
non-glabrous skin surfaces (hypothesis one). While the change in sweating from the
glabrous forehead was higher than that observed at the hairy regions of the head
(P<0.05), changes at the glabrous and non-glabrous surfaces of the foot did not differ
significantly (P>0.05). In addition, the increase in non-thermal sweating from the palm
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was lower than from the non-glabrous hand sites (P<0.05), although similar increments
were observed from the volar fingers (glabrous) and the dorsal hand (P>0.05).
Therefore, one may conclude that regional differences in psychological sweating cannot
be meaningfully described simply on the basis of a division of the skin into its glabrous
and non-glabrous surfaces.

Sudomotor acceleration quantifies the rate at which local sweat secretion increases
following a sudorific stimulus. During steady-state thermal sweating, this approximated
zero, although non-zero values are physiologically realistic, since thermoefferent drive
is pulsatile, and each sweat capsules included many sweat glands. On the other hand,
significant elevations in sudomotor acceleration during the cognitive and painful stimuli
should reflect these non-thermal neural drives, as long as no changes in thermal state
have occurred (Figure 3.3). An augmented sudomotor acceleration was observed at 47%
(18) of the 38 skin sites studied during psychological stress, and at 53% of the sites
investigated (17 of 32 skin surfaces) during acute pain (Table 3.1). Intra-segmental
acceleration comparisons during the cognitive stimulation revealed that inter-site
differences existed only for the forehead, which was significantly higher than for every
other head site (P<0.05), and for the palm, which was significantly lower than each of
the other hand sites (P<0.05). The non-thermal sweating response was remarkably
uniform within the torso (P>0.05), and was noticeably minimal within the arm and
forearm (P>0.05). For the painful stimulus, an even more uniform pattern was evident,
with significant inter-site differences in acceleration only being observed within the hand
(Table 3.1; P<0.05).
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peak secretion elicited by painful (psychological) stimulation (filled bars). Data are means
with standard errors of the means for 32 sites across seven body segments: torso (N=10),
arm (N=5), forearm (N=5), hand (N=10), thigh (N=5), leg (N=5) and foot (N=10).
Pain was mechanically induced using a 15-s pressure application to the right palm after
steady-state thermal sweating had been established (25 min: chamber: 36oC, 60% relative
humidity; water-perfusion suit: 40oC). Symbols: * = significantly different from baseline
sweat rate within the same site (P<0.05); ‡ = significantly different change in sweating
(peak minus baseline) relative to all other hand sites (P<0.05).
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Table 3.1: Sudomotor acceleration (µg.cm-2.min-2) during the psychological stimulation
(cognitive challenge and acute pain) of passively heated, sweating subjects. Data are
means with standard errors of the means. Symbols: * = significantly elevated above
baseline (P<0.05); † = significantly different among sites within the same body segment
(P<0.05).
Cognitive
Cognitive
Sites
Pain
Sites
Pain
Volar hand

Head

(palm)
Volar fingers

33 ±9*†

246 ±99*†

Forehead

192 ±57*†

---

359 ±89* 1696 ±255*

Lateral I

60 ±23

---

Lateral II

45 ±20

---

Upper anterior

89 ±52

115 ±37*

Lateral III

62 ±34

---

Lower anterior

60 ±39

327 ±123

Top I (front)

21 ±10

---

Upper medial

34 ±27

147 ±68

Top II (rear)

21 ±9*

---

Lower medial

63 ±52

62 ±37

Upper posterior

72 ±39*

165 ±58
288 ±192

Thigh

Torso
Chest

84 ±40*

199 ±75 Lower posterior

79 ±71

Abdomen

98 ±34*

401 ±99*

Leg

Upper lateral

67 ±24*

291 ±48* Upper lateral

154 ±108

188 ±75

Lower lateral

64 ±19*

254 ±75* Lower lateral

96 ±61

497 ±243

Upper back

106 ±49

482 ±83* Upper medial

110 ±70

503 ±277

Lower back

106 ±43* 529 ±117* Lower medial

101 ±65

240 ±73*

Upper limb

Upper posterior

42 ±51

40 ±37

Dorsal forearm 219 ±97*

321 ±111 Lower posterior

59 ±59

317 ±114

Volar forearm 273 ±102* 491 ±136*
Dorsal upper
arm
Proximal volar
upper arm
Distal volar
upper arm

Foot
Volar foot

75 ±104

153 ±66

78 ±98

281 ±118 Dorsal foot

265 ±74*

67 ±36

185 ±107 Dorsal toe

483 ±115* 1074 ±240*

(sole)

Lateral (rear)

Hand
Dorsal hand

586 ±151* 913 ±189*†Medial (front)

Dorsal fingers

469 ±84* 1700 ±272*
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263 ±151 466 ±176*
557 ±95*

368 ±124* 729 ±200*
515 ±137* 1061 ±261*

3.1.4 Discussion
This series of experiments was designed to provide a comprehensive evaluation
of the regional distribution of psychological sweating (cognitive stress and pain),
against a background of clamped, steady-state thermal sweating. The current methods
permitted control over the whole-body thermal energy content throughout each trial.
In addition, sweat secretion preceding and between each non-thermal treatment
remained stable and clamped (Figure 3.3). The principal outcomes from these
experiments were the unequivocal demonstrations that both cognitive and pain-induced
sweating are generalised phenomena when superimposed upon thermal sweating.
Therefore, this non-thermal sweating was not confined to the glabrous skin sites
(hypothesis one). Indeed, more than 70% of all the sites investigated displayed
significant sudomotor increases. Thus, one can assume that the eccrine sweat glands
from most body surfaces were activated during each of these treatments, although the
magnitude of the sudomotor response was not uniform. However, these regional
variations are unlikely to reflect differences in neural activation (hypothesis three)
since they were strongly correlated with passively evoked thermal sweating from the
same sites.

Others have shown that, when individuals are warmed, psychological sweating
can concurrently be elicited from some non-glabrous surfaces (Kuno, 1956; Kennard,
1963), so these observations are not unique. What makes the current research novel
is the extensive and simultaneous comparison of sweating from both glabrous and nonglabrous skin surfaces using two different non-thermal stimuli, whilst also seeking
evidence for the possibility that the thermal and hypothetical psychological sudomotor
centres behave in a mutually inhibitory fashion (Figure 3.1).

Based upon the current observations, it appears that the description of regional
differences in psychological or thermal sweating in resting, healthy individuals, simply
on the conventional division of the skin into its glabrous and non-glabrous surfaces,
is an unjustifiable over-simplification. Indeed, such a differentiation may imply the
existence of separate and independent neural control of sweat glands within such
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regions (Darrow, 1937; Kuno, 1956; Ogawa, 1975). Whilst there can be no doubt that
different efferent pathways innervate glands across many body segments, and even
within some segments, the current observations are inconsistent with the possibility
that efferents to glabrous and non-glabrous sites are independently controlled by
separate higher centres. Discrete thermal and psychological sudomotor centres may
exist, although evidence for the latter may well be contentious. However, no evidence
was found to support the hypothesis that such centres independently modulate thermal
and psychological sweating across different skin surfaces. It is more probable that
neural impulses driving both forms of sweating arrive at glands dispersed across the
entire body surface, as suggested by Kennard (1963) and Sato (1977). To account for
this, the hypothetical control model presented in Figure 3.1 must be modified so that
the two sudomotor centres, should they exist as separate entities, are shown to
innervate eccrine glands from the entire skin surface. Furthermore, the present
investigation provided absolutely no evidence for a neural inhibition of thermal
sweating (hypothesis two) during the application of these non-thermal stimuli (Ogawa,
1975), and this implies that at least one of the hypothetical inhibitory pathways of
Figure 3.1 is incorrect.

Two reasons may account for previous investigators not observing similar
outcomes. Firstly, much of the early literature was dominated by the use of methods
that lacked the sensitivity associated with ventilated sweat capsules. Thus, subtle
changes in secretion may have remained undetected. Secondly, although details
regarding the thermal states of subjects were often not provided, it is quite probable
that such experiments were performed under thermoneutral conditions. Indeed, since
the initial activation of sweat glands produces primary (precursor) sweat, from which
selective electrolyte reabsorption promotes water reabsorption, then primary sweat
production must exceed fluid reabsorption before appreciable amounts of sweat can
reach the skin surface. Therefore, if the sweat glands are not first primed, it is possible
that, if water reabsorption matches primary sweat production, sweat may fail to reach
the skin surface. In this case, it will go undetected by surface-measuring apparatus,
regardless of the sensitivity of the technique. However, by superimposing these non141

thermal stresses on top of thermal sweating, the possibility of detecting psychological
sweating, should it exist, was optimised. Accordingly, the current observations are
interpreted as demonstrating that psychological sweating is a whole-body phenomenon,
and the priming and clamping of steady-state sweating prior to the application of these
non-thermal stimuli has allowed us to see that which others could not.

3.1.5 Conclusion
This experimental series has unequivocally demonstrated the whole-body nature
of both thermal and psychological sweating in resting, young and healthy adults, when
the sweat glands have first been primed. Indeed, it appears that the conventional
description of glabrous and non-glabrous skin, at least from a sudomotor perspective,
has little physiological relevance. Furthermore, the current data fail to support the
control model that proposes an independent modulation of thermal and psychological
sweating from separate skin surfaces. Indeed, the regional distributions of both forms
of sweating are well correlated. Finally, there is no evidence for an inhibition of
thermal sweating during simultaneously applied psychological stimulations.

3.2

PSYCHOLOGICAL

NON-GLABROUS

SKIN

SWEATING
SURFACES

FROM
UNDER

GLABROUS

AND

THERMONEUTRAL

CONDITIONS 3
3.2.1 Introduction
Humans secrete eccrine sweat in response to a wide range of thermal and nonthermal stresses, including heating, exercise, mental stress and altered emotional states
(e.g. anxiety, fear, pain). Mental and emotional sweating can be collectively described
as psychological or psychogenic sweating, and the prevailing, though not unequivocal,
consensus is that thermal and psychological sweating are driven by two discrete, yet
possibly interactive nervous system centres (Chalmers and Keele, 1952; Ogawa, 1975;
Iwase et al., 1997). Many consider these centres to possess different neural pathways

3

Machado-Moreira, C.A., and Taylor, N.A.S. (2011). Psychological sweating from glabrous and
non-glabrous skin surfaces under thermoneutral conditions. Psychophysiology. In press.
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to sweat glands (Chalmers and Keele, 1952), with the hypothetical psychological sweat
centre possibly exclusively innervating the glabrous (hairless) skin surfaces (e.g. palms
and soles: Darrow, 1937; Kuno, 1956; Ogawa, 1975). However, evidence from the
current laboratory challenges this belief, and has unequivocally demonstrated that,
within passively heated individuals, psychological sweating is a whole-body
phenomenon (Machado-Moreira et al., 2006; Machado-Moreira and Taylor, 2007;
Machado-Moreira and Taylor, 2011). Moreover, hypotheses that postulated an
independent modulation of thermal and psychological sweating from separate skin
surfaces, with mutual inhibition (Ogawa, 1975; Iwase et al., 1997), were not
supported by these experiments. Notwithstanding the consistency of these recent
observations, these experiments were conducted on subjects in whom low-intensity,
steady-state sweating was established (primed) and clamped. Under such conditions,
the chance of finding evidence of psychological sweating within any skin surfaces was
optimised.

Therefore, the next step in this sequence of experiments was to evaluate the
impact of psychological stress on eccrine gland function within thermoneutral
individuals, since it was under these conditions that much of the previous research into
psychological sweating was conducted. In this state, the most sensitive measurement
techniques are required, since, without prior thermal loading, discharged sweat would
be minimal, if evident at all, particularly at the non-glabrous (hairy) skin surfaces.
This reduced sudomotor response results from the active reabsorption of sodium from
primary (precursor) sweat within eccrine glands (Sato, 1973), with chloride and water
passively following. Thus, at low secretion rates, as may be encountered during
psychological stimulation, water reabsorption can equal primary sweat production,
thereby preventing sweat from discharging onto the skin surface. When this occurs,
sweat cannot be detected by surface-measurement techniques (Machado-Moreira et al.,
2009a), and this state may have prevented previous investigators from observing
psychological sweating from all but the most prolific sweat secreting surfaces.
Accordingly, in the present study, sudomotor function was evaluated during a
psychological challenge, with sweating responses measured at both glabrous and non143

glabrous skin surfaces using ventilated sweat capsules, but also from changes in skin
conductance. The latter method enables the detection of primary sweat, even if it does
not reach the skin surface (Veraguth, 1908; Thomas and Korr, 1957).

3.2.2 Methods
3.2.2.1 Subjects
Sweating responses from eight healthy young males (26.3 years (SD 6.0); 75.1
kg (SD 12.8); 1.79 m (SD 0.10)) were evaluated when performing a psychological
challenge (mental arithmetic) during two trials (Trials A and B) conducted under
identical, thermoneutral conditions, and separated by approximately one week. All
procedures were approved by the Human Research Ethics Committee (University of
Wollongong), and these were fully explained to each participant, who then provided
written, informed consent.

3.2.2.2 Procedures
In both trials, lightly clothed subjects (shorts and t-shirt) were equipped with
ventilated sweat capsules, skin conductance electrodes, core and skin thermistors, and
a heart rate monitor. Subjects were moved into a climate-controlled chamber (26oC,
50% relative humidity) in a wheelchair, to avoid posture- and exercise-induced
sudorific influences. A 15-min, seated adaptation period then commenced. During this
time, subjects were blindfolded and were requested to sit as quietly and as calmly as
possible.

In each trial, discharged sweat rates were simultaneously recorded from five
sites, with skin conductance being measured from one other skin surface. In the second
trial, the location of the sweat capsules and the skin conductance electrodes were
changed to increase the number of sites investigated. The sites studied within Trials
A and B were always identical, but these trials were administered in a balanced order
across subjects, with 50% of participants completing Trial A first. In total, sweat
secretion was measured from nine skin surfaces (four glabrous and five non-glabrous),
with skin conductance measured at two sites. Discharged sweating, beyond stable
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subliminal production rates, was not present at any skin region during these
preliminary, resting phases of either trial.

After the 15-min adaptation, a cognitive stress (10 min) was used to evoke
psychological sweating, followed by a 10-min resting recovery to baseline status. This
challenge involved resolving a series of mental arithmetic calculations, performed as
accurately and as quickly as possible, including a range of moderately difficult and
complex problems. The sudorific power of this stimulus has previously been
established (Machado-Moreira and Taylor, 2011), and subjects were asked to complete
as many calculations as possible, and were provided with constant verbal
encouragement to improve both speed and accuracy. This aspect was designed to
elevate psychological strain. To avoid the possibility that relatively brief psychological
stimuli may fail to elicit discharged sweat, the mental arithmetic was continued for 10
min. It was therefore assumed that, if psychological sweating was to occur from any
skin surface, then these 10-min periods of psychological stress would provide a
sufficient stimulus for discharged sweat to become fully expressed.

3.2.2.3 Measurements
At the start and completion of each trial, subjects reported whole-body thermal
sensation (13-point scale: 1 = unbearably cold, 13 = unbearably hot) and discomfort
(5-point scale: 1 = comfortable, 5 = extremely uncomfortable) using methods
modified from Gagge et al. (1967). This information was necessary to confirm the
thermoneutral state of each subject prior to, and throughout each trial.

Local (discharged) sweating from four glabrous (forehead, palm, sole, volar
surface of left ring finger (middle phalanx)) and five non-glabrous skin sites (chest,
dorsal surfaces of the forearm, hand, foot and left ring finger (middle phalanx)) were
measured using ventilated sweat capsules (1.40 (fingers) and 3.16 cm2). This method
has greater temporal and spacial sensitivity than most surface-measurement techniques
previously used to evaluate psychological sweating. In Trial A, ventilated sweat
capsules were positioned at the volar hand (palm), dorsal hand, volar finger, dorsal
145

foot and volar foot (sole). In Trial B, capsules were placed on the palm, dorsal finger,
dorsal forearm, chest (above pectoralis major) and on the forehead. To prevent air
leakage and pressure-induced artefacts, capsules were glued to the skin (Collodion
U.S.P., Mavidon Medical Products, FL, U.S.A.). Pre-capsular airflows were set at
300 and 600 mL.min-1 for the small and large capsules (respectively), with such flows
ensuring that the skin was kept dry and condensation within the exhaust lines did not
occur. The inlet air humidity was sustained at 12% by passing air over an enclosed,
saturated lithium chloride solution. Post-capsular air humidity was measured using
capacitance hygrometers, and inlet and exhaust air temperatures and humidities from
each capsule were recorded simultaneously at 1-s intervals (Clinical Engineering
Solutions, NSW, Australia). Hygrometer calibration, using three saturated salt solution
standards, preceded experimentation. Local sweat rates were derived using in-house
software (Taylor et al., 1997 ).

Changes in skin conductance provide an index of sudomotor activity without
the need for sweat to reach the skin surface (Thomas and Korr, 1957). This technique
is more appropriate for measuring subliminal sudomotor activity, as it responds to the
formation of primary sweat within the secretory coils of sweat glands (Thomas and
Korr, 1957; Juniper et al., 1967; Freedman et al., 1994). Electrodermal responses
were measured from the volar (Trial A) and dorsal (Trial B) aspects of the first and
second fingers (middle phalanges) of the left hand. A pair of Ag/AgCl surface
electrodes (1081 FG) were attached to the digits (0.05 M sodium chloride in an inert
ointment base). A constant voltage of 0.5 V was applied across the electrode pair, and
data were collected at 10 Hz (UFI Bioderm model 2701-SC Simple Scope and
SCL/SCR Data Collection System, UFI, Morro Bay, CA, U.S.A.).

Body core temperature (auditory canal; Edale instruments Ltd., Cambridge,
U.K.) was measured at 5-s intervals using a data logger (1206 Series Squirrel, Grant
Instruments Pty Ltd., Cambridge, U.K.). Temperatures from eight skin sites
(forehead, chest, scapula, upper arm, forearm, dorsal hand, thigh and calf; Type EU,
Yellow Springs Instruments Co. Ltd., Yellow Springs, OH, U.S.A.), and from sites
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adjacent to each sweat capsule were similarly recorded. The first group of sensors was
used to derive mean skin temperature (ISO 9886:1992; Hardy and DuBois, 1938),
while those in the latter group were used to check that local skin temperatures were
not responsible for variations in sweating. Thermistors were calibrated against a
certified reference thermometer in a stirred water bath (Dobros total immersion,
Dobbie Instruments, Sydney, Australia). Mean body temperature was derived from the
weighted sum of core (80%) and mean skin temperatures. Heart rate was continuously
monitored at 5-s intervals (Vantage NV, Polar Electro SportTester, Finland).

3.2.2.4 Analysis
The following sudomotor responses were derived: baseline sweat secretion
immediately prior to mental arithmetic (averaged over 2 min), psychological sweating
(averaged over 10 min of mental arithmetic), peak psychological sweat rate, the
change in sweating (peak minus baseline), and sudomotor acceleration. This last
variable is the rate of change in sweat flow (sudomotor acceleration: µg.cm-2.min-2),
and it was computed over the first 2 min of mental arithmetic. This index quantifies
the rate at which local sweat secretion increases following changes in sympathetic
activity that accompany a sudorific stimulus. All indices were evaluated using two-way
analyses of variance. One-way analyses of variance, followed by the Tukeys HSD post
hoc tests, were used to compare inter-site differences in these sudomotor responses.
Comparisons between the basal and experimental responses were undertaken for the
sudomotor responses at each site, body temperatures, heart rate and the psychophysical
indices using paired student t-tests. Alpha was set at the 0.05 level for all analyses.
Data are presented as means with standard errors of the means (±) and standard
deviations (SD).

3.2.3 Results
For this experiment, it was absolutely essential for every subject to be in a
thermoneutral state throughout each trial to ensure that sweat secretion would be of an
exclusively non-thermal (psychogenic) origin. This was confirmed from baseline
thermal sensation and discomfort votes, and also by the body core and skin
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temperatures remaining stable from the beginning through to the termination of each
trial (Table 3.2; P>0.05). During the baseline period, however, some non-zero sweat
rates were detected (Table 3.3). This is normal for the current, highly sensitive
methods, and these non-zero values corresponded with the region-specific insensible
perspiration rates of the palm and sole (Galeottti and Macri, 1914; Park and Tamura,
1992), but were slightly greater at some other sites. In these instances, it was assumed
that this reflected subliminal sudomotor activity (Ogawa and Bullard, 1972; Elizondo,
1973). Nevertheless, these trancutaneous water losses were minute, and remained
stable throughout the 15-min adaptation phase, as did the baseline skin conductance
(P>0.05). In addition, local skin temperatures are known to vary across the body
surface under thermoneutral conditions (Werner and Reents, 1980). This was also
evident in the current study, and it may help to explain regional variations is sweat
secretion. However, local skin temperatures did not vary throughout any trial, and
those of the palm, which was studied in both trials, did not differ significantly between
trials (P>0.05).
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Table 3.2: Auditory canal, mean skin and mean body temperatures before (baseline),
during (stimulus) and after (recovery) a psychological challenge (mental arithmetic)
performed in a thermoneutral state (26oC, 50% relative humidity; N=8). Temperatures
were averaged over 10-min periods, and thermal sensation and discomfort votes were
noted at the beginning and end of each trial. Data are means with standard errors of
the means.
Auditory canal Mean skin Mean body
Thermal
Thermal
temperature temperature temperature sensation discomfort
(oC)
(oC)
(oC)
(1-13)
(1-5)
Baseline
36.7 ±0.0
32.2 ±0.1
35.8 ±0.0
7.1 ±0.3 1.0 ±0.0
Stimulus

36.7 ±0.0

32.2 ±0.1

35.8 ±0.0

---

---

Recovery

36.7 ±0.0

32.3 ±0.1

35.8 ±0.0

7.1 ±0.3

1.2 ±0.1
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Table 3.3: Baseline sweat rates and sudomotor accelerations measured from glabrous
(hairless) and non-glabrous (hairy) skin surfaces immediately prior to (averaged over
2 min), and during a psychological challenge (averaged over the initial 2 min of 10
min of mental arithmetic) performed in a thermoneutral state (26oC, 50% relative
humidity; N=8). Data are means with standard errors of the means. Symbols: * =
significantly different from baseline (P<0.05); † = significantly different from the
volar finger (P<0.05).
Sudomotor acceleration
Basal sweat rate
Sites
(µg.cm-2.min-2)
-2
-1
(mg.cm .min )
Baseline Mental arithmetic
Glabrous
Volar finger

0.15 ±0.02

-3 ±4

175 ±67*

Volar hand

0.14 ±0.01

-3 ±1

88 ±20*

Volar foot

0.11 ±0.01

-3 ±1

55 ±22*

Forehead

0.10 ±0.01

-1 ±1

-2 ±2†

Dorsal finger

0.07 ±0.01

0 ±1

46 ±16*†

Dorsal foot

0.04 ±0.01

-3 ±1

43 ±21*†

Dorsal hand

0.07 ±0.01

-2 ±1

13 ±13†

Dorsal forearm

0.06 ±0.01

-1 ±1

-2 ±1†

Chest

0.05 ±0.01

-1 ±1

-2 ±1†

Non-glabrous
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Skin conductance changes from the volar (glabrous) and dorsal surfaces (nonglabrous) of the fingers demonstrated that the psychological stimulus had elicited
significant increases in primary (precursor) sweat production from both surfaces of the
finger (P<0.05; Figure 3.6). Whilst a significant main effect for measurement site
was not apparent (P>0.05), a significant site by time interaction was evident
(P<0.05). That is, the dynamics of the sweating response differed between these two
sites, being significantly faster at the volar surface, but the response magnitude at each
site was quantitatively similar, and statistically non-significant (Figure 3.7). The
rapidity of this response was also reflected within the heart rates, which displayed a
rapid elevation at the commencement of the psychological stimulation, and an equally
rapid restoration upon its termination (P<0.05; Figure 3.7).
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Figure 3.6: Skin conductance from volar (glabrous) and dorsal (non-glabrous) surfaces
of the fingers prior to, during and after a 10-min psychological challenge (mental
arithmetic) administered to thermoneutral subjects (air temperature 26oC, 50% relative
humidity). Data are mean curves with standard errors of the means at 5-min intervals
(N=8).
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Figure 3.7: Heart rate before, during and following a psychological challenge (mental
arithmetic: 10 min) administered to thermoneutral subjects (air temperature 26oC, 50%
relative humidity). Data are mean curves with standard errors of the means at 5-min
intervals (N=8).
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Very small, but significant amounts of discharged sweat were recorded from
both the glabrous and non-glabrous skin surfaces during the psychological challenge
(P<0.05; Figure 3.8). Thus, psychologically induced sweat secretion was observable
via both the sweat capsule and skin conductance methods, and whilst is was certainly
more pronounced from the volar finger surface (Figure 3.8A), it was clearly not
confined to the glabrous skin surfaces. The only glabrous region where discharged
sweating did not increase significantly was the forehead (P>0.05; Figure 3.8A).
Within the non-glabrous surfaces, the dorsal aspect of the finger and foot also
displayed significant psychological sweating (P<0.05), but sweating increments from
the dorsal hand, dorsal forearm and chest were barely noticeable, and did not attain
statistical significance relative the baseline data (P>0.05; Figure 3.8B). Therefore,
while the regional distribution of psychological sweating was not uniform, no specific
differences in secretion pattern existed between the glabrous and non-glabrous sites
investigated.

The size of these discharged sudomotor responses varied across skin surfaces.
When averaged over the entire stimulation period (Figure 3.9: leftmost bar for each
site), the highest secretion rate was observed at the volar aspect of the finger, which
differed significantly from that observed at most sites (P<0.05), except for the volar
hand, dorsal finger and the volar foot surfaces (P>0.05; Figures 3.8 and 3.9). These
three surfaces did discharge significantly more sweat than during the 15-min baseline
period (P<0.05), as did the dorsal foot and dorsal hand sites (P<0.05). However,
sweat flows from the chest, forehead and forearm during the psychological challenge
did not differ significantly from baseline (P>0.05).
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Figure 3.8: Local sweat rates from four glabrous (Panel A: hairless skin) and five
non-glabrous surfaces (Panel B: hairy skin) during a psychological challenge (mental
arithmetic: 10 min) administered to thermoneutral subjects (air temperature 26oC, 50%
relative humidity). Data are mean, site-specific response curves, with means and
standard errors of the means presented at 5-min intervals (N=8). In Panel B, data for
the forearm and chest overlap.
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Figure 3.9: Changes in sweat secretion (peak minus baseline) from glabrous (hairless:
hatched bars) and non-glabrous (black bars: hairy) skin surfaces during a psychological
challenge (mental arithmetic: 10 min) performed by thermoneutral subjects (air
temperature 26oC, 50% relative humidity). The grey bars show data from
Machado-Moreira and Taylor (2011) for the same cognitive challenge, but
administered over a 1-min period to passively heated individuals in whom steady-state
thermal sweating was already established and clamped. Data are means with standard
errors of the means (N=8). Symbols: * = significantly different from the
thermoneutral responses of the dorsal foot, dorsal hand, chest, forehead and forearm
(P<0.05).
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To evaluate the rate with which these sweat rates increased following
psychological stimulation, sudomotor acceleration was computed immediately before
(2 min), and during the first 2 min of the arithmetic challenge (Table 3.3).
Significantly larger accelerations were observed during the challenge in five of the nine
skin sites tested, consistent with the rapidly elevated heart rate (Figure 3.3), and these
included both glabrous and non-glabrous surfaces. However, this response was most
pronounced from the volar aspect of the finger, which differed significantly from each
of the non-glabrous sites, and also from the forehead (P<0.05; Table 3.3). Therefore,
while significantly faster sudomotor responses were recorded from most skin surfaces
during the psychological stimulus, some, but not all, glabrous regions responded more
rapidly than the non-glabrous sites to that stimulus (Table 3.3).

3.2.4 Discussion
In separate communications (Machado-Moreira et al., 2006; Machado-Moreira
and Taylor, 2007; Machado-Moreira and Taylor, 2011), psychological sweating has
been shown to be a generalised phenomenon when induced within individuals in whom
steady-state thermal sweating was established and clamped. The current research not
only reinforces those observations, but extends them into the thermoneutral state.
Collectively, this series of experiments has provided unequivocal evidence against the
proposition that psychological sweating is restricted to the glabrous skin surfaces,
although it is certainly more obvious from these sites. Instead, it is now evident that
psychologically induced sudomotor responses can be observed across the whole body,
including both the glabrous and non-glabrous skin surfaces. These comparable
responses across the two skin classifications are consistent with the presence of
common neural connections, at least at the periphery. Clearly, different sympathetic
nerves innervate the skin from separate body segments, and even within some body
segments the wiring will differ. However, these observations render it more likely that
the efferent signals resulting from both thermal and psychological stresses travel along
common sudomotor pathways. At the central nervous system, the wiring associated
with these diverse stimuli is likely to be both complex and separate (Chalmers and
Keele, 1952), perhaps even with discrete control centres (Darrow, 1937; Kuno, 1956;
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Ogawa, 1975), although this is contentious. But it remains unknown whether or not
efferent signals associated with such non-thermal stimuli feed into the
thermoregulatory centre (hypothalamus), although we suspect that this is the case,
before descending to the eccrine glands. Notwithstanding these uncertainties, beyond
the spinal cord, there now seems to be little substantiated evidence supporting the
possibility for psychologically evoked sudomotor signals being relayed along different
neurons that innvervate only the glabrous skin surfaces.

Data from the current and previous experiments (Machado-Moreira and Taylor,
2007, 2011) also show that the proposed mutual inhibitory links between the thermal
and the hypothetical psychological sudomotor centres (Ogawa, 1975) are lacking in
empirical support. Such pathways have been proposed to help explain past
observations of a suppression in thermal sweating during the superimposition of a
psychological stress, and a similar reduction in psychological sweating under thermal
loading. However, neither of these predictions eventuated in the current series of
studies, and so these hypothetical inhibitory links appear not to exist, at least with
respect to the many skin sites tested across these experiments. Indeed, in more than
70% of the sites tested, psychological sweating was significantly enhanced when
stimuli were applied over a background of thermal sweating (P<0.05; MachadoMoreira and Taylor, 2007, 2011).

However, if one compares the sudomotor responses from the current
psychological stress applied under thermoneutral conditions, with data obtained by
superimposing a similar stimulus onto thermal sweating (Figure 3.9), then it does
appear that volar hand secretion, and perhaps also sweating from the sole of the foot,
was lower in the latter condition, even though palmar skin temperatures remained
stable before and after the stimulation, and across both trials (P>0.05). Therefore, if
one had only examined these two skin sites, as previous researchers have (Kuno, 1956;
Ogawa, 1975; Iwase et al., 1997), then it would have been very tempting to conclude
that psychological sweating from these glabrous regions was indeed suppressed during
thermal loading, and even perhaps controlled by a different sudomotor centre. Instead,
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the current observations show no difference in sweating from the volar surface of the
finger, whilst that from the forehead was more than 20 times higher when the
psychological challenge was administered to heated, sweating individuals (Figure 3.9).
From the current, more comprehensive investigations, it can now be concluded that
such generalisations regarding differences in the sudomotor function of glabrous and
non-glabrous surfaces are likely to be erroneous, and are perhaps more a consequence
of experimental design than they are a reflection of a physiological phenomenon.
Indeed, it now seems very unlikely that separate efferent pathways exist for the
thermal and psychological activation of the eccrine sweat glands within the same skin
surfaces.

Evidence from sweat gland recruitment patterns (surface colorimetry) has
shown that eccrine sweat glands, found to be silent during a thermal stress, could
become activated when a psychological stimulus was superimposed upon thermal
sweating (Machado-Moreira et al., 2009b; Machado-Moreira, 2011). Whilst these
preliminary observations require more thorough investigation and verification, they
may indicate that different sweat glands, perhaps with separate wiring, were activated
during each stimulation. However, this seems to be an unnecessarily complex design,
given the whole-body nature of both thermal and psychological sweating that has now
been demonstrated (Machado-Moreira, 2011). Thus, this possibility remains
unconvincing.

Alternatively, these apparent variations in glandular activation may simply
indicate that the local neurotransmitter release was insufficient to evoke localised
primary sweat production at rates in excess of water reabsorption during thermal
loading, but a greater release may have accompanied the prolonged and superimposed
psychological stimulus. Our previous research, in which sweating was primed before
the application of psychological stimuli (Machado-Moreira and Taylor, 2011), has
shown that the sudorific responses become more fully expressed at greater primary
sweat production rates, simultaneously supporting this possibility and illustrating why
others may not have observed this phenomenon. Since these sudomotor responses were
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accompanied by almost instantaneous increments in heart rate (~20 beats.min-1;
Figure 3.7), but not by changes in either mean body or local skin temperatures, then
a rapidly augmented sympathetic outflow, along with local variations in
neurotransmitter release, is the more likely cause of greater discharged sweating, and
perhaps also its regional variations. Moreover, an irregular and intermittent activation
of individual glands is known to exist, with activation cycling being reported for the
back and chest (Peter and Wyndham, 1966), the plantar foot (Nishiyama et al., 2001),
and also for the volar and dorsal surfaces of the hand (Machado-Moreira et al., 2009b;
Machado-Moreira, 2011).

3.2.5 Conclusion
Together with data from previous investigations (Machado-Moreira et al.,
2006; Machado-Moreira and Taylor, 2007; Machado-Moreira and Taylor 2011), the
authors have provided an extensive mapping of psychological sweating. From the
current investigation, it is evident that psychological sweating, although less
pronounced in thermoneutral individuals, is not restricted to the glabrous skin
surfaces. Therefore, when one collectively considers the observations from these three
studies, one may conclude that psychogenic sweat secretion is a whole-body
phenomenon, just like thermal sweating, and that both forms of eccrine secretion are
absolutely evident from glabrous (hairless) and non-glabrous skin. However, the
regional distribution of psychological sweating, like that for thermal sweating, is not
uniform. These observations contradict the hypothesis that psychological sweating is
restricted to the glabrous surfaces. Furthermore, these data fail to corroborate the
model that presumes the existence of mutual inhibitory links between the wellestablished thermal and the hypothetical psychological sudomotor centres.
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CHAPTER 4: SWEAT GLAND RECRUITMENT FOLLOWING THERMAL AND
PSYCHOLOGICAL STIMULATION

4.1 INTRODUCTION
In humans, increases in body temperature (thermal drive) are generally
accompanied by the activation of eccrine sweat glands from most skin surfaces. However,
this thermal sweating is usually more pronounced at non-glabrous (hairy) skin surfaces,
with significant regional variations in secretion rates existing both among and within body
segments (Weiner, 1945; Taylor and Machado-Moreira, 2011; Chapter 2). Furthermore,
whilst some have previously indicated that thermally induced sweating did not occur at
the palms and soles (Kuno, 1956; Ohmi et al., 2009), it has now been well established
that glands located at glabrous skin sites do respond with increased secretion under
moderate-to-high thermal loads (Taylor et al., 2006; Machado-Moreira et al., 2008a).

In previous experiments, we unequivocally demonstrated that psychological
stimulation also activates eccrine glands across most skin surfaces, although this nonthermally induced secretion is less evident at hairy surfaces in the thermoneutral state
(Machado-Moreira and Taylor, 2011a,b; Chapter 3). Therefore, as opposed to the
generally accepted model for the thermal and psychological mediation of human sweating,
with separate central wiring and efferent pathways for each form of stimulation and type
of skin (Ogawa et al., 1977; Bini et al., 1980a,b; Iwase et al., 1997; Vetrugno et al.,
2003; Figure 4.1A), it seems more likely that neural impulses are simultaneously
delivered to all areas across the skin, with the resultant sudomotor response varying
within and among skin regions due to local variations in neurotransmitter sensitivity
(Figure 4.1B). In this regard, the current experiment was designed to examine sudomotor
function at the glandular level. In particular, we wanted to know if, within a definite skin
area, the same sweat glands would be recruited during both thermal and psychogenic
sweating. As these are whole-body phenomena, it was anticipated that the same glands
would be activated following thermal and psychological stimulations.

167

Figure 4.1 Hypothetical mechanisms for the neural control of human eccrine sweating
during thermal and psychological (psychogenic) stress. The model in 4.1A is the
generally accepted hypothesis for this control, and it was modified from that proposed
by Iwase et al. (1997), based upon Ogawa (1975) and Ogawa et al. (1977). Figure 4.1B
is an alternative hypothesis for the sudomotor control, which was initially based on
observations from Kennard (1963), and strongly supported by our previous observations
(Chapters 2 and 3).
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4.1.1 Thermal and non-thermal (psychological) control of human eccrine sweating
Whilst increased body temperature in hot conditions is the main drive for human
sweating, non-thermal stimuli, including psychological stress (e.g. mental arithmetic,
memory recall) and pain, also induce sweat secretion. Nevertheless, neither the exact
neural pathways driving these sweating responses, nor the regional distribution of thermal
and psychological sweating are fully understood. Apart from providing fundamental
scientific information relating to the control of sweating, this knowledge has significant
clinical value, for example during the evaluation of the autonomic sympathetic nervous
system, and for the diagnosis and treatment of sweating-related disorders such as hypoor hyperhidrosis (Sato et al., 1989a,b).

It is widely accepted that the efferent sudomotor impulses originate in the cerebral
cortex or hypothalamus (depending on the type of stimulation: psychological or thermal),
with preganglionic myelinated fibres passing the medulla, crossing the lateral horn of the
spinal cord, and reaching the sympathetic ganglia, from which (postganglionic)
unmyelinated type-C fibres that end around the sweat glands arise (Sato et al., 1989a;
Groscurth, 2002). In the sweat gland, the neurotransmitter acetylcholine binds to
muscarinic receptors (M3 type) and sweat production is induced via activation of
potassium (K+) and chloride (Cl-) conductances in the gland cells, which is mediated by
calcium (Ca2+) as an intracellular messenger (Reddy and Bell, 1996; Shamsuddin et al.,
2008). Indeed, the functional dominance of cholinergic modulation of sweating is largely
demonstrated under thermal stimulation, with atropine substantially inhibiting thermally
induced secretion (Chalmers and Keele, 1951; MacIntyre et al., 1968; Kolka et al., 1986;
Shastry et al., 2000).

On the other hand, the precise neural pathways involved in the modulation of nonthermally induced secretion and its interaction with the thermal sweating control are still
to be elucidated. Early observations (Kuno, 1934, 1956; Chalmers and Keele, 1952)
indicated that different pathways may govern these different types of sweating, with
thermal secretion occurring at most skin surfaces, and psychological sweating generally
expected to be confined to the palms and soles (Figure 4.1A). Furthermore, it has been
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proposed that different centres control these thermally and non-thermally mediated
sweating responses, with both facilitatory and inhibitory interactions possibly occurring
between these (parallel) neural pathways (Ogawa, 1975; Ogawa et al., 1977; Iwase et al.,
1997; Figure 4.1A). These observations form the basis of the currently accepted
hypothesis with regard to the modulation of the human sudomotor function (Iwase et al.,
1997; Vetrugno et al., 2003). Indeed, it is considered that distinct nuclei within the
central nervous system are involved in the modulation of thermal and psychological
sweating. While the hypothalamus is the centre for thermoregulatory responses, there are
several candidates for the control of psychogenic secretion. For instance, increased neural
activity within brain areas such as the cingulate gyrus, primary motor cortex,
hippocampus, amygdala, and medial frontal cortex area is generally accompanied by
increases in electrodermal responses (Hazlett et al., 1993; Mangina and
Beuzeron-Mangina, 1996; Fredrikson et al., 1998). This indicates that it is possible that
structures within the cerebral cortex and limbic system, which are related to memory
function and changes in emotional states (Bechara et al., 1995), may be involved in
psychological sweating.

Moreover, the neuropharmacological mediation of these non-thermal sudomotor
responses may differ from the well established cholinergic nature of the thermal drive for
sweating. Indeed, it has been suggested that adrenergic mechanisms participate in the
psychological secretion from glabrous surfaces (Robertshaw, 1977; Nakazato et al.,
2004). This hypothesis is generally supported by the sweat gland responsiveness to
adrenomimetic compounds (Haimovici, 1950; Sato et al., 1989a), by the observation of
sparsely distributed adrenergic terminals in the vicinity of eccrine glands (Uno, 1977;
Donadio et al., 2006), by the likely adrenergic origin of the cholinergic fibres innervating
these glands (Steven and Landis, 1987; Guidry and Landis, 1998), and also by a possible
functional cholinergic/noradrenergic cotransmission at the sudomotor junction (Weihe et
al., 2005). Unfortunately, the neuropharmacological control of psychological sweating
has not yet been completely elucidated. This modulation will be investigated in a
subsequent study of this experimental series (Chapter 5).
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In contrast with early investigations (Kuno, 1934, 1956; Chalmers and Keele,
1952; Ogawa, 1975), we have observed generalised (whole-body) sweating when either
thermal or non-thermal stimuli were applied (Chapters 2 and 3). This is not consistent
with the widely regarded model for the sudomotor control (Figures 4.1A), and challenges
the relevance of the anatomical classification of the skin between glabrous and nonglabrous for the sudomotor function (Machado-Moreira and Taylor, 2007). However, in
agreement with this hypothetical model, an interaction between thermal and non-thermal
sweating was evident, as psychogenic secretion was facilitated in the presence of prior
thermally induced sweating (Chapter 3). Thus, although the methods employed in these
experiments did not allow further speculations at the central level, our data provided
evidence for a facilitatory, but not an inhibitory, interaction between these two types of
sweating. Based upon this information, one may suspect that regional differentiation
between the thermal and psychological control of sweating will take place at the glandular
level (Figure 4.1B). To test this hypothesis, a logical first step was to observe if different
sweat glands are recruited following thermal and psychological stimulations.

Although the identification of physiologically active sweat glands has a long
history (Minor, 1927; Ogata, 1935; Randall, 1946a,b), to the best of our knowledge,
information with regard to differences in sweat gland recruitment following both thermal
and psychological stimulations, investigated within the same skin site during the same
experiment, and including examination of both glabrous and non-glabrous surfaces are
not available.

4.1.2 Identification of active (individual) sweat glands
Physiologically active sweat glands have been investigated following thermal,
psychological and pharmachological stimuli (Randall, 1946a,b; Sato and Dobson, 1970;
Sato et al., 1988; Buono et al., 1992). In early studies, colorimetric methods have been
developed which allowed the measurement of the number of functioning glands within
a skin region and also the estimation of the amount of sweat discharged (Kuno, 1956).
In general, these techniques involved the application of a water-sensitive substance on the
skin surface (e.g. iodine, bromophenol blue) and the observation of its reaction with
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sweating, which usually formed dotted, dark marks (Minor, 1927; Kahn and Rothman,
1942; Herrmann et al., 1952). This phenomenon could be photographed, and secretion
flows were derived from the size of individual spots. Perhaps, the most commonly used
variation of this method is the evaluation of imprints of sweat gland droplets retained in
a piece of paper applied over a sweating skin site previously prepared with a colorimetric
indicator (Randall, 1946a,b; Janowitz and Grossman, 1950; Buono and Sjoholm, 1988;
Bullard, 1971; Sato and Sato, 1983; Madeira et al., 2010). In fact, either the skin or the
paper can be impregnated with the staining compound. From these imprints, localised
sweat gland densities are computed using magnifying lens or enlarged, projected images.

Other procedures for identifying and counting functional eccrine glands use the
plastic impression technique, which was introduced by Sutarman and Thomson (1952)
and modified by others (Harris et al., 1972; Peter and Wyndham, 1966; Freedman et al.,
1994). In the original experiments, a solution of polyvinyl formal in ethylene dichloride
containing butyl phthalate was applied to the skin, and sweat pores from activated glands
became visible (microscopic analyses) on a plastic impression obtained after the polyvinyl
solution dried (Sutarman and Thomson, 1952). According to the authors, in contrast to
the method proposed by Minor (1927), this technique allowed one to identify and trace
the same sweat glands through a series of impressions from a definite skin area, without
preventing gland counts to be performed at higher secretion rates. Furthermore, Harris
et al. (1972) emphasised the high sensitivity of this method. With apparently similar
advantages, a silicone impression method has also been developed (Sarkany and
Gaylarde, 1968; Harris et al., 1972), in which a silicone rubber monomer solution is
mixed with a catalyst and applied to the target skin site. Again, the final impression in
the polymerised, dry material displays small holes at the sweat pore locations, allowing
gland counts to be performed.

More recently, macrophotography (Kenney and Fowler, 1988; Inoue et al., 1999),
videomicroscopy (Nishiyama et al., 1994, 2001) and optical coherence tomography
(Ohmi et al., 2009) have been employed for the examination of individual activated sweat
glands. The macrophotographic technique was initially described and validated by Bell
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(1981), and subsequently used in combination with colorimetry for the identification of
thermally (Anderson and Kenney, 1987) and pharmachologically (Kenney and Fowler,
1988; Inoue et al., 1999) activated glands. In these studies, the targeted skin site was
treated with either vaseline or a mixture containing petroleum jelly and bromophenol blue
to facilitate the visualisation of the sweat droplets. During the experiments, photographs
were taken at fixed intervals, converted into slides and projected onto a measured grid
for the determination of sweat gland density. In addition, individual gland outputs were
estimated by treating each sweat bead as a hemisphere, although this method does not
provide an accurate absolute measurement (Kenney and Fowler, 1988; Inoue et al.,
1999).

Whilst still limited to only a few investigations, more sophisticated techniques
have permitted further examination of the behaviour of individual eccrine glands. For
instance, using videomicroscopy, Nishiyama and colleagues (2001) studied the
recruitment of glands located at small surface of the sole of the foot (0.06 cm2) during
painful stimulation. An irregular activation of individual glands was observed, with
active, less active and silent glands being identified, and with changes in the activation
status of each gland occurring throughout the stimulation. Indeed, these observations are
in agreement with those from previous investigations (Ogata, 1935; Thomson, 1954;
Kuno, 1956). Furthermore, optical coherence tomography has been recently used to
examine responses from an individual sweat gland (Ohmi et al., 2009). This method
displays very high temporal and spacial resolution, with the gland’s activity derived from
changes in the size of its spiral lumen resulting from variations in the amount of primary
sweat produced. In particular, the summation of the reflection light intensity of all pixels
along the lumen is used as the quantitative measure of sweating. Using this technique,
Ohmi et al. (2009) performed dynamic analyses of psychological sweating, with
sequential imaging of eccrine sweat glands from the fingertips (~0.7 mm2) providing a
continuous evaluation of sudomotor responses. In this experiment, the authors confirmed
the nonuniform, intermittent behaviour of the sweat glands.

These recent technical advances may significantly increase our understanding of
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mechanisms of sweating, such as the relationship among sudomotor burst activity,
neuronal activity and sweat gland activation. However, these can only be applied to a
very small area of the skin, with examination of only a few glands being possible. As it
is apparent that eccrine glands (even within a tiny area) display an intermittent activation
pattern during both thermal and non-thermal stimulation, the sampling error resulting
from the examination of a single gland randomly chosen from such a small area is
increased. Therefore, observations made using these techniques may indeed increase our
understanding of the sudomotor function at the glandular level, but they should be
regarded with some caution while describing general responses from glands across all
skin surfaces to thermal and non-thermal stimuli. Moreover, apparently, these relatively
expensive measurements can only be used for the evaluation of very low-intensity sweat
secretion.

In summary, notwithstanding the limitations associated with each method, the
techniques briefly described have been widely used to examine localised dynamics of
sweat gland recruitment and secretion, in particular, to quantify and describe regional
differences in density of active sweat glands. These have been evaluated following
thermal (Anderson and Kenney, 1987; Kondo et al., 2001), pharmachological (Kahn and
Rothman, 1942; Inoue et al., 1999), exercise (Kondo et al., 2002; Ichinose-Kuwahara
et al., 2010) and psychological stimulations (Randall, 1946a,b; Nishiyama et al., 2001;
Ohmi et al., 2009). Furthermore, age-, racial- and gender-related variations in, and the
effects of heat acclimation and endurance training upon these local dynamics were also
addressed in previous investigations using these methods (Gibson and Shelley, 1948;
Silver et al., 1964; Peter and Wyndham, 1966; Inoue et al., 1991, 1999, 2005). In the
present experiment, we used the macrophotographic technique in combination with
colorimetry and the photoshop software to precisely identify individual sweat glands
recruited from both glabrous and non-glabrous skin surfaces during thermal and
psychological stimulations.

4.1.3 Purposes and hypotheses
The differentiation between thermal and psychological control of human eccrine
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sweating is one of the main foci of the current research. Following our extensive mapping
of thermal and psychological sweating (Chapters 2 and 3), we remained unconvinced that
separate pathways exist for eccrine glands from different skin surfaces. Indeed, these
observations led to the hypothesis that it is more probable that a common (central)
integration of efferent signals takes place, resulting in various stimuli simultaneously
activating sweat glands across the entire body surface, even if separate control centres
exist for the modulation of thermal and non-thermal sweating (Figure 4.1B).
Accordingly, local variations in sweat gland recruitment (density, size and sensitivity)
may perhaps account for frequently observed differences in the regional distribution of
thermal and psychological sweating.

In the current experiment, sudomotor responses to thermal and psychological
stimulation were examined at the glandular level using the macrophotographic technique
(Inoue et al., 1999). The aim was to precisely identify each sweat gland recruited within
one glabrous (palm) and one non-glabrous site (dorsal hand) following each stimulus, to
see if different glands were being activated following each stimulus. The hypotheses
tested were:

Hypothesis one: Within defined glabrous or non-glabrous skin area, the same sweat
glands will not be recruited during both thermal and psychological stimulations.
Hypothesis two: During psychological stimulation in the thermoneutral state, sweat
glands will not be activated on the dorsal surface of the hand.
Hypothesis three: During low-intensity thermal stress, sweat glands will not be activated
on the palmar surface.

4.2 METHODS
Passive heat loading and mental arithmetic were used to induce sweating while
sweat gland recruitment was investigated at the palm and dorsal hand surfaces using
macrophotography and colorimetry. All procedures were approved by the Human
Research Ethics Committee of the University of Wollongong, and the subjects provided
written, informed consent prior to their participation in the study.
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4.2.1 Subjects
Power tests showed that, to detect a change in local sweating of 0.04-0.05
mg.cm-2.min-1, when sweating at a rate of 0.3 (SD 0.03) mg.cm-2.min-1, 6-9 subjects were
required. Thus, ten healthy males (Table 4.1) participated in this experiment following
screening questionnaire to exclude those at risk from cardiovascular strain or previous
history of hyperthermia, and those who had sweating-related disorders.

4.2.2 Experimental protocol
4.2.2.1 Experimental standardisation
Each subject participated in two trials, separated by 2-3 days and performed at the
same time of the day. These trials were identical, except for the hand surface (volar or
dorsal) from which the sweat gland recruitment was investigated, and for the finger site
from which skin conductance responses were measured. Furthermore, participants were
instructed to refrain from strenuous exercise for the 24-h period immediately prior to the
trials, and to not consume caffeine and alcohol for the 12-h period preceding the
experiments. During the trials, subjects did not consume food or liquids. In addition, to
minimise the impact of undesired artefacts on sweating (in particular, changes in
psychological states (e.g. alertness, anxiety)), subjects were blindfolded throughout the
trial, except when performing the arithmetic calculations.

4.2.2.2 Procedures
Sudomotor responses from the hand were investigated under thermal and
psychological stimulation, with the latter applied twice in each trial: in the thermoneutral
state and superimposed onto thermal sweating. Skin conductance and sweat rates were
evaluated at four skin sites (including the fingers), and glandular recruitment patterns
examined from the dorsal and volar metacarpal regions within the hand.

Upon arrival at the laboratory, subjects were measured (Stadiometer: Holtain
Ltd., Crymych, U.K.) and weighed (Platform scale: A&D, Model FW-150K, Milpitas,
CA, U.S.A.) wearing running shorts only. During the preparatory period, subjects were
equipped with core and skin thermistors, heart rate monitor, ventilated sweat capsules,
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Table 4.1 Physical characteristics of the subjects. Data are means with standard
deviations (SD).
Body surface
Subject

Age (y)

Height (cm)

Mass (kg)

1

26

172.8

74.48

1.9

2

23

178.6

90.28

2.1

3

36

166.3

59.64

1.7

4

32

177.3

79.86

2.0

5

24

188.1

77.00

2.0

6

35

162.8

58.86

1.6

7

22

179.4

85.44

2.0

8

23

177.6

71.82

1.9

9

29

173.8

75.74

1.9

10

28

176.2

79.04

2.0

Mean

27.8

175.3

74.50

1.9

SD

5.1

7.1

9.17

0.2

area (m2)

Note: Body surface area = 0.00718 C kg0.425 C cm0.725 (DuBois and DuBois, 1916).
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skin conductance surface electrodes and a water-perfusion garment. Then, both the palm
and dorsal hand were marked with a rectangular target (2.5 x 4 cm) positioned at the
flattest site within each of these surfaces (details: Section 4.2.4.1). This procedure took
place on the first experimental day, and subjects were required to keep the hand marks
until the second trial, during which these were re-traced (exactly on the top of the initial
lines).

To prevent motion artefacts, the left forearm and hand were secured while
subjects rested (seated) comfortably inside a climatic-controlled chamber (25-26oC and
50% relative humidity). In addition, participants were instructed to maintain their left
hand as flat and still as possible throughout the experiments. Finally, prior to the
initiation of the protocol, the targeted hand surface was prepared with a very thin film of
silicone oil and bromophenol blue (details: Section 4.2.4.1) to allow the identification of
individual sweat glands. This mixture reacts with sweat, forming dark-blue droplets
(glands), and these can be photographed using a high-resolution camera and macro lens
(Inoue et al., 1999).

As the trial was initiated, a 40-min period in the thermoneutral state preceded the
passive heat loading (Figure 4.2), which consisted of feet immersion in heated water and
water-perfusion suit (42-43oC). Subjects were asked to perform a 10-min cognitive task
(mental arithmetic) during both the thermoneutral and passive heating phases, with the
second series of calculations performed following the observation of thermally induced
sweating at the dorsal hand. The decision to start the second psychological stimulation
was based upon the appearance and growth of the sweat droplets on the hand surface.
However, when possible (that is, if the droplets were not too large), we waited for
steady-state thermal sweating to be established prior to the non-thermal stimulus. In
addition, prior to the second bout of mental arithmetic, the heat load was reduced to
prevent further increases in mean body temperature. This isothermal clamp (~0.5oC
above basal state) was maintained until trial termination, which occurred after a 5-min
recovery following the psychological stimulation (Figure 4.2).

178

Subjects participated in two trials (A and B). In trial A, participants had the dorsal
hand photographed throughout the first 25 min of the experiment, while in Trial B,
photographs were taken from the palm during this period (Figure 4.2). Then, the hand
position was changed to allow photographs to be taken from the reciprocal site (Trial A:
palm; Trial B: dorsal hand; Figure 4.2). This procedure lasted approximately 5 min, after
which the forearm and hand were again comfortably secured, and the mixture containing
silicone oil and bromophenol blue re-applied to the hand surface. The order of trials A
and B was balanced among subjects.

4.2.3 Thermal and non-thermal stimuli
4.2.3.1 Passive heating
Thermal sweating was induced by passive heating, which consisted of feet
immersion in heated water and a whole-body, water-perfusion suit (Cool Tubesuit, MedEng, Ottawa, Canada). One stirred water bath with thermostat (38-litre, Grant
Instruments (Cambridge) Ltd., Shepreth, U.K.) was used to control the water temperature
(42-43oC) for both the feet immersion and the perfusion garment.

4.2.3.2 Isothermal clamping of body core temperature
As we wanted to investigate only the impact of the non-thermal stimulus
(psychological stimulation) upon sweat gland recruitment, it was essential to prevent
further increments in body temperature during the cognitive task performed. Therefore,
mean body core temperature was clamped with variations <0.1oC, after it had been
increased by ~0.5oC from the thermoneutral state (Figure 4.2). To accomplish this, we
modified the temperature of the water for the feet immersion and perfusion-suit using a
thermostat attached to the stirred water bath. In addition, cooler water was added into this
bath to facilitate finer clamp control.

4.2.3.3 Non-thermal stimulus
Cognitive stress was used to evoke psychological sweating in these passively
heated, thermally clamped individuals and also when they were in the thermoneutral state
(Figure 4.2). This non-thermal stimulus involved the resolution of a series of mental
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Figure 4.2 Experimental protocol overview. Following 10 min in the thermoneutral state,
subjects performed mental arithmetic (MA) for 10 min. Five min following the
completion of this task, the hand position was changed (~5 min: grey bar) so that gland
recruitment patterns could be investigated from a different surface within this segment
(Trial A: palm; Trial B: dorsal hand). Passive heat loading was initiated at 40 min, and
following a ~0.5oC increase mean body temperature and the establishment of thermal
sweating, this temperature was clamped and the psychological stimulus re-applied. Times
are only approximate, as the onset of thermal sweating varied among subjects.
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arithmetic calculations, with subjects required to solve a range of moderately difficult and
complex problems (e.g. 2630 - 45; 2 x 3165 + 78). Cards containing these problems
were shown to the subjects, and they were challenged to complete as many calculations
as possible within a 10-min period, and were provided with constant verbal
encouragement for speed and accuracy, which was designed to increase anxiety and
psychological stress. As these cognitive tasks were performed twice throughout the
experiment (Figure 4.2), the calculations were different for each trial.

4.2.4 Measurements
4.2.4.1 Sweat gland recruitment: identification and counting
Both the volar (palm) and dorsal surfaces of the left hand were marked with a
rectangular target (2.5 x 4 cm) using a temporary tattoo ink (Airbrush Bodyart Pty. Ltd.,
Melton, VIC, Australia), and subjects were required to maintain these marks until the
second trial. When needed, they reported to the laboratory between the two experimental
days to have the rectangular zones re-traced. This was essential to guarantee that gland
recruitment patterns would be examined at exactly the same skin surface. All subjects
maintained the marked rectangles for the second trial, except for one participant who did
not keep the palmar mark. However, in this case, the existing lines within this hand
surface permitted the selection of a definite skin location for the glandular recruitment
analysis.

Then, a mixture containing approximately 0.5 g of bromophenol blue (BDH
Laboratory Supplies, Poole, Dorset, U.K.) to each 10 mL of silicone oil (viscosity: 1,000
centistokes, cSt (25oC)) was thinly painted onto the left hand skin surface within the
rectangular area. Following either thermal or non-thermal stimulation, sweat secreted
below this very thin film of oil formed dark-blue droplets. Photographs were taken from
these rectangular zones using a high-resolution camera (Cannon EOS D20) and macro
lens (Cannon EF-S60 mm f/2.8 macro USM), permitting the identification of the active
sweat glands (modified from Inoue et al., 1999). Three photographs were taken at 1-min
intervals throughout the entire trial. Furthermore, numbered labels were photographed
at specified times, serving as identification markers for the relevant events during each
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trial (Table 4.2). Thus, within the thermoneutral (basal) phase and also during each series
of mental arithmetic (10 min), thirty photographs were taken. During passive heating
(~26 min), approximately seventy-eight photographs were taken, forming a total of
~168 photographs for each trial.

Representative photographs from each trial stage were selected, and gland
recruitment analyses were performed using a 1-cm2 area delimited within the rectangular
site (2.5 x 4 cm). Activated sweat glands within this square were identified, marked and
counted using Adobe Photoshop CS4, as schematically illustrated in Figure 4.3. Firstly,
it was essential to confirm that the selected skin area (1 cm2) was identical in all
photographs. This was accomplished by carefully superimposing (matching) the images
using the Photoshop software. Subsequently, analyses were performed in each
photograph, with individual glands identified and labelled using markers available in the
software. For each image, a different marker was chosen to facilitate the precise
identification of each active sweat gland when photographs were superimposed. That is,
once a gland had been activated and labelled, the same marker was used for each
subsequent photograph. In the example shown in Figure 4.3, no active glands were
evident in the beginning of the trial (4.3A). However, following passive heating
(immediately prior to the application of the psychological stimulus) seven glands were
activated (4.3B). Then, as soon as the mental arithmetic was initiated, another eight,
previously silent glands were recruited (4.3C). At the completion of the cognitive task,
thirteen additional, non-thermally activated glands became apparent within exactly the
same region (4.3D). It is important to note that, with the current method, only glandular
activation could be determined, since the colour changes induced by the sweat secretion
was not reversible. Thus, previously active glands that became inactive during a trial
could not be differentiated from those that remained active throughout.
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Table 4.2 Label system adopted for the identification of photographs continuously taken
throughout the trial. Numbered labels were photographed at specified times throughout
the experiment, and these markers permitted the precise identification of each relevant
trial stage during data analysis.
Trial stage
Event
(label number)
1

Basal (pre-stimulus; thermoneutral)

2

Psychological stimulus (Start; thermoneutral)

3

Psychological stimulus (End; thermoneutral)

4

Thermal stimulus (Start; passive heating)

5

Thermal stimulus (End; passive heating)

6

Psychological stimulus (Start; passive heating)

7

Psychological stimulus (End; passive heating)
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Figure 4.3 Schematic representation of the procedures for identification and counting of
sweat glands. Analyses were performed within a 1-cm2 area of the target site (palm or
dorsal hand). In the hypothetical example shown in the figure, four distinct stages of the
trial are represented: thermoneutral (4.3A), passive heating (4.3B), start (4.3C) and end
of psychological stimulation (4.3D). The black dots correspond to active glands. These
were identified at each trial stage using different markers (circles, triangles or squares).
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4.2.4.2 Sweat rates
Ventilated sweat capsules (Chapter 2: Figure 2.9) were used to measure local
sweat rates from the volar and dorsal surfaces of the right hand (centre; 1.40 cm2) and
ring finger (3.16 cm2) . These capsules were glued to the skin (Collodion U.S.P.,
Mavidon Medical Products, FL, U.S.A.) to prevent air leakage and pressure-induced
artefacts. Low humidity air (12%) was obtained by passing air over an enclosed,
saturated lithium chloride solution, and this was then provided to the sweat capsules at
a pre-capsular airflow of 300 (small capsules positioned at the finger) and 600 mL.min-1
(large capsules). Post-capsular air humidity was measured using capacitance hygrometers.
Inlet and exhaust air temperatures and humidities from each channel (corresponding to
each ventilated capsule) were recorded simultaneously at 1-s intervals (Clinical
Engineering Solutions, NSW, Australia). Local sweat rates (mg.cm-2.min-1) were derived
from these data (Equation 4.1) using in-house software.

mC sw= [(rh2 C PH2O2 C mC / 100 C T2 C k) - (rh1 C PH2O1 C mC / 100 C T1 C k)] C 1000 / A
Equation 4.1
where:
mC sw= sweat rate (mg.cm-2.min-1)
rh= relative humidity of pre- (rh1) and post-capsular air (rh2; %)
PH 2 O= partial pressure of water vapour of pre- (PH2 O1) and post-capsular air (PH2 O2), if
100% saturated (mmHg)
C
m=
air flow through the air line (L.min-1)

T= temperature of pre- (T1) and post-capsular air (T2; K)
k= 3.464 (water vapour gas constant; mmHg.L.g-1.K-1).

4.2.4.2.1 Calibration
Hygrometer calibration preceded experimentation, and involved three saturated
salt solution standards (lithium chloride at 20oC; sodium chloride at 20 and 35oC), which
provided three separate relative-humidity points (low, moderate and high). Calibration
curves were derived from these points in triplicate, and the resultant (averaged)
calibration curve was used to compute correlation coefficients for each sweat channel
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(r2>0.99). In general, to obtain the calibration data, room air was passed over the
saturated salt solutions (flow rate: 500 mL.min-1), within the sweat system tubing and
through capacitance hygrometers connected to each sweat channel located inside the
climatic chamber (26oC and 50% relative humidity). Following stabilisation of air
temperature and humidity (60-90 min), raw voltage output was recorded for each
hygrometer. Further details with regard to this hygrometric method of measuring sweat
secretion are presented in Appendix A.

4.2.4.3 Skin conductance
Whilst the ventilated sweat capsule method has greater temporal and spacial
sensitivity than most of the techniques generally used to evaluate sweating responses, this
technique relies upon secretions reaching the skin surface (discharged sweat), which
occurs when sweating is clearly established. That is, primary (precursor) sweat
production has exceeded water reabsorption (positive turnover). On the other hand, the
skin conductance measurement is sensitive to changes in sudomotor drive even before
sweat reaches the skin surface, and this technique is more appropriate to measure very
small sudomotor responses that may not elicit discharged sweat (Appendix A), such as
that expected during psychogenic sweating in the thermoneutral state.

In the current experiments, we used the skin conductance technique to
simultaneously evaluate sudomotor responses (UFI Bioderm model SC2000/4-SCL
Simple Scope Data Collection System, UFI, Morro Bay, CA, U.S.A.), with pairs of
Ag/AgCl surface electrodes (1081 FG) positioned at skin sites adjacent to the ventilated
capsules on dorsal and palmar surfaces of the right hand (centre), and also to the middle
phalanges of the first and second fingers. An electrolyte of 0.05 M sodium chloride in
an inert ointment base was used as the conductive medium between the electrodes and the
skin, and a constant voltage of 0.5 V was applied across each electrode pair. While
conductance on the dorsal hand and palm was continuously evaluated in trials A and B,
the finger skin conductance was measured from its dorsal surface only in trial A, while
in trial B, it was examined on its volar aspect. Data were recorded at 10 Hz using the
skin conductance meter connected to a computer. Further information with regard to this
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technique are presented in Appendix A.

4.2.4.4 Body temperatures
Auditory canal temperature was monitored using an ear-moulded plug with a
thermistor protruding 1 cm from the mould (Edale instruments Ltd., Cambridge, U.K.).
This probe was positioned in the ear within the external auditory canal and insulated
using a large piece of cotton wool to minimise the impact of the environmental
temperature. It was previously demonstrated that, under heat stress, this index rapidly
and validly tracks oesophageal temperature (Cotter et al., 1995). Auditory canal
temperature was measured at 5-s intervals using a data logger (1206 Series Squirrel,
Grant Instruments Pty Ltd., Cambridge, U.K.) as the representative body core
temperature.

In addition, temperatures from eight skin sites (forehead, chest, scapula, upper
arm, forearm, dorsal hand, thigh and calf) were recorded every 5 s (Type EU, Yellow
Springs Instruments Co. Ltd., Yellow Springs, OH, U.S.A.), with mean skin temperature
and mean body temperature derived from these data using the following equations:

Mean skin temperature = (0.07 · Tforehead) + (0.175 · Tscapula) + (0.175 · Tchest) + (0.07
· Tupper arm) + (0.07 · Tforearm) + (0.05 · Thand) + (0.19 · Tthigh ) + (0.2 · Tcalf )
Equation 4.2
(ISO 9886:1992)

Mean body temperature = 0.8 · Body core temperature + 0.2 · Mean skin temperature
Equation 4.3
(Hardy and DuBois, 1938)

Prior to these experiments, all thermistors were calibrated against a certified
reference thermometer (Dobros total immersion, Dobbie Instruments, Sydney, Australia)
in a stirred water bath. The calibration occurred over a range of 20-45oC (5oC
increments), with data recorded following at least 5 min of stabilised water temperature.
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Linear calibration curves and coefficients were derived for each thermistor relative to the
data registered from the reference thermometer (r>0.99), and these were used to correct
the raw data recorded using the auditory canal and skin thermistors.

4.2.4.5 Heart rate
Heart rate was continuously monitored at 5-s intervals from ventricular
depolarisation using a Polar heart rate monitor (Model PE3000 and Vantage, Polar
Electro Sport Tester, Finland).

4.2.4.6 Thermal sensation and thermal discomfort
Psychophysical measures were also used to evaluate the thermal state at the
beginning (thermoneutral condition) and completion of each trial. Accordingly, subjects
were asked to describe their general (whole-body) thermal sensation and discomfort using
a 13-point thermal sensation and a 5-point thermal discomfort scale (modified from Gagge
et al., 1967). The former ranged from 1 (unbearably cold) to 13 (unbearably hot), with
7 corresponding to a neutral sensation, while, in the latter, votes varied from 1
(comfortable) to 5 (extremely uncomfortable). After being instructed to consider their
whole-body thermal state, participants answered the following questions: “How does the
temperature of your body feel?” (13-point scale), and “How comfortable do you feel with
the temperature of your body?” (5-point scale).

4.2.5 Data analysis
Skin conductance data were normalised to the lowest value within the
thermoneutral (basal) state. That is, for each skin site, the lowest skin conductance at this
stage of the trial was subtracted from each data point. In addition, data from trials A and
B were averaged for statistical analysis of all variables, except for the skin conductance
from the fingers and for the densities of active sweat gland. For each physiological
response, a 2-min average was computed for each of the seven trial stages (Table 4.2),
and these were compared using one-way analysis of variance with repeated measures.
Fisher LSD Multiple-Comparison post hoc tests were subsequently used to isolate sources
of significant differences. These multiple comparison procedures were essential to
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prevent Type I error to take place. Furthermore, the Fisher LSD tests, which are less
conservative than the post hoc tests used in other investigations within this dissertation
(Tukeys HSD), were currently chosen to prevent the occurrence of Type II error, as the
usual high variability observed for sudomotor responses (Hertzman, 1957; Havenith and
van Middendorp, 1990; Havenith, 2001) was further increased in this study due to the
combination of data from two separate trials. For all analyses, alpha was set at the 0.05
level. Data are presented as means with standard errors of the means (±) and standard
deviations (SD).

4.3 RESULTS
4.3.1 Body temperatures and heart rate
Auditory canal, mean skin and mean body temperatures did not vary significantly
throughout the thermoneutral phase of each trial, including the period of non-thermal
stimulation (P>0.05; Figure 4.4 and Table 4.3). While in this condition, subjects
described their thermal sensation as neutral (scale rate: 7.2 ±0.3) and regarded this to
be comfortable (scale rate: 1.2 ±0.1). Furthermore, from its basal (thermoneutral) state,
heart rate was significantly increased by approximately 25% due to mental arithmetic
(P<0.05; Figure 4.5 and Table 4.3).

The low thermal load used in the current experiment (passive heating: ~26 min)
provoked significant changes in body temperatures (mean body: +0.61oC; P<0.05;
auditory canal: +0.32oC; mean skin: +1.78oC) and heart rate (+15 b.min-1; P<0.05).
Nevertheless, the series of mental arithmetic applied during passive heating induced only
slight increases in heart rate, and these did not reach statistical significance (P>0.05;
Figure 4.5 and Table 4.3). As expected, body temperatures did not vary throughout this
non-thermal stimulation, verifying the effectiveness of the thermal clamp (Figure 4.4 and
Table 4.3). Finally, the thermal sensation and discomfort votes were 9.1 ±0.2 (warm)
and 2.1 ±0.3 (slightly uncomfortable), respectively, at the completion of the experiment.
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Figure 4.4 Auditory canal (4.4A), mean skin (4.4B) and mean body temperatures (4.4C)
at the seven trial stages (1: basal; 2 and 6: start of mental arithmetic; 3 and 7: end of
mental arithmetic; 4 and 5: start and end of passive heating, respectively). Data are from
experiments A and B. Inter-stage comparison were made only for the averaged data
between these two trials (for each stage), and these are shown in Table 4.3. Data are
means with standard errors of the means. Sample size was ten.
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Table 4.3 Core temperature (auditory canal), mean skin temperature, mean body temperature and heart rate at each trial stage. Data are
averages between trials A and B (for each stage). Mental arithmetic (10 min) was used as the psychological stimulus, and passive heating
consisted of feet immersion in heated water and water-perfusion suit (42-43oC). a = Significantly different from stage 1. b = Significantly
different from stage 4. * = Significantly different from stages 1 to 4. Data are means with standard errors of the means (±). Sample size
was ten.
Trial

Mean skin

Mean body

temperature

temperature

Core temperature
Condition

Period

stage

(oC)

Heart rate
o

o

( C)

( C)

(b.min-1)

1

Basal

Pre-stimuli

36.46 ±0.09

33.33 ±0.16

35.83 ±0.09

58 ±4

2

Psychological

Start

36.44 ±0.08

33.35 ±0.16

35.82 ±0.09

72 ±3a

3

(thermoneutral)

End

36.37 ±0.08

33.44 ±0.16

35.78 ±0.08

69 ±3a

4

Thermal

Start

36.37 ±0.07

33.48 ±0.15

35.79 ±0.07

60 ±3

5

(passive heating)

End

36.68 ±0.06*

35.26 ±0.19*

36.40 ±0.08*

75 ±4a,b

6

Psychological

Start

36.70 ±0.06*

35.28 ±0.16*

36.42 ±0.07*

79 ±4a,b

7

(passive heating)

End

36.74 ±0.07*

35.19 ±0.14*

36.43 ±0.07*

78 ±4a,b
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Figure 4.5 Heart rate at the seven trial stages (1: basal; 2 and 6: start of mental
arithmetic; 3 and 7: end of mental arithmetic; 4 and 5: start and end of passive heating,
respectively). Data are from experiments A and B. Inter-stage comparison were made
only for the averaged data between these two trials (for each stage), and these are shown
in Table 4.3. Data are means with standard errors of the means. Sample size was ten.
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4.3.2 Sudomotor responses
4.3.2.1 Skin conductance
Since the skin conductance data were normalised to values obtained in the
thermoneutral phase of each trial (subtraction), conductance values were very close to
zero at the beginning of the experiment (Figures 4.6, 4.7 and Table 4.4). The nonthermal stimulus applied during this condition caused significant increases in skin
conductance at all glabrous and non-glabrous skin sites (P<0.05), except for the dorsal
hand (P>0.05; Figure 4.6, 4.7 and Table 4.4). After these responses returned to prestimulation values, the thermal load was initiated, inducing significant increases in
conductance on both the palm (centre) and the dorsal surfaces of the hand and fingers
(P<0.05), although changes in conductance at the volar finger were not statistically
significant (P>0.05; Figure 4.6, 4.7 and Table 4.4). Finally, the second bout of the
cognitive task caused further increments in skin conductance on each skin site, with these
being statistically significant at the dorsal hand and volar finger surfaces (P<0.05;
Figure 4.6, 4.7 and Table 4.4).

4.3.2.2 Sweat rate
At the beginning of each trial, sweat rates averaged ~0.50 mg.cm-2.min-1 at the
volar surfaces of the hand and ~0.40 mg.cm-2.min-1 at the hand dorsal sites (Figures 4.8,
4.9 and Table 4.5). The psychological stimulus significantly increased the thermoneutral
palmar sweat rate at both sites (P<0.05). However, variations in secretion from the
dorsal surfaces of the hand (including fingers) were not significant (P>0.05; Figure
4.8B, 4.9B and Table 4.5). As the trial progressed, passive heating induced significant
changes in sweating from the dorsal surfaces, but at the volar hand sites, a significantly
increased thermal response was only evident at the fingers (P<0.05). Following the
second series of mental arithmetic, further increments in sweating were not significant
at any skin site (P>0.05; Figure 4.8, 4.9 and Table 4.5).
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Figure 4.6 Normalised skin conductance from the volar (4.6A) and dorsal hand surfaces
(4.6B) at the seven trial stages (1: basal; 2 and 6: start of mental arithmetic; 3 and 7: end
of mental arithmetic; 4 and 5: start and end of passive heating, respectively). Data are
from experiments A and B. Inter-stage comparison were made only for the averaged data
between these two trials (for each stage), and these are shown in Table 4.4. Data are
means with standard errors of the means. Sample size was ten.
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Figure 4.7 Normalised skin conductance from the volar (4.7A) and dorsal surfaces of the
fingers (4.7B) at the seven trial stages (1: basal; 2 and 6: start of mental arithmetic; 3 and
7: end of mental arithmetic; 4 and 5: start and end of passive heating, respectively).
Volar finger data are from experiment B, while data from the dorsal surface are from trial
A. a = Significantly different from stage 1. b = Significantly different from stage 4. c
= Significantly different from stage 5. * = Significantly different from stages 1 to 4.
Data are means with standard errors of the means. Sample size was ten.
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Table 4.4 Normalised skin conductance from the volar and dorsal surfaces of the hand at each trial stage. Data are averages between trials
A and B (for each stage). Mental arithmetic (10 min) was used as psychological stimulus, and passive heating consisted of feet immersion
in heated water and water-perfusion suit (42-43oC). a = Significantly different from stage 1. b = Significantly different from stage 4. *
= Significantly different from stages 1 to 4. Data are means with standard errors of the means (±). Sample size was ten.
Skin conductance (:S)
Trial stage

Condition

Period
Palm

Dorsal hand

Volar finger

Dorsal finger

1

Basal

Pre-stimuli

0.01 ±0.08

0.00 ±0.01

0.10 ±0.08

0.15 ±0.12

2

Psychological

Start

5.09 ±0.91a,b,c

0.34 ±0.19

3.74 ±0.66a,b,c

2.55 ±0.69

3

(thermoneutral)

End

5.79 ±1.34a,b,c

0.96 ±0.37

3.40 ±0.73a,b,c

4.68 ±1.12a,b

4

Thermal

Start

0.57 ±0.41

0.43 ±0.08

0.00 ±0.46

0.27 ±0.33

5

(passive heating)

End

2.46 ±0.69 a

6.54 ±0.92*

1.08 ±0.55

9.40 ±1.23*

6

Psychological

Start

4.72 ±0.83a,b

7.59 ±1.00*

2.72 ±0.65a,b,c

11.13 ±1.12*

7

(passive heating)

End

4.82 ±1.01a,b

8.73 ±0.82* c

2.78 ±0.64a,b,c

11.39 ±1.34*
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Figure 4.8 Sweat rates from the volar (4.8A) and dorsal hand surfaces (4.8B) at the seven
trial stages (1: basal; 2 and 6: start of mental arithmetic; 3 and 7: end of mental
arithmetic; 4 and 5: start and end of passive heating, respectively). Data are from
experiments A and B. Inter-stage comparison were made only for the averaged data
between these two trials (for each stage), and these are shown in Table 4.5. Data are
means with standard errors of the means. Sample size was ten.
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Figure 4.9 Sweat rates from the volar (4.9A) and dorsal fingers surfaces (4.9B) at the
seven trial stages (1: basal; 2 and 6: start of mental arithmetic; 3 and 7: end of mental
arithmetic; 4 and 5: start and end of passive heating, respectively). Data are from
experiments A and B. Inter-stage comparison were made only for the averaged data
between these two trials (for each stage), and these are shown in Table 4.5. Data are
means with standard errors of the means. Sample size was ten.
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Table 4.5 Sweat rates from volar and dorsal surfaces of the hand at each trial stage. Data are averages between trials A and B (for each
stage). Mental arithmetic (10 min) was used as psychological stimulus, and passive heating consisted of feet immersion in heated water and
water-perfusion suit (42-43oC). a = Significantly different from stage 1. b = Significantly different from stage 4. * = Significantly different
from stages 1 to 4. Data are means with standard errors of the means (±). Sample size was ten.
Sweat rate (mg.cm-2.min-1)
Trial stage

Condition

Period
Palm

Dorsal hand

Volar finger

Dorsal finger

1

Basal

Pre-stimuli

0.50 ±0.02

0.40 ±0.01

0.53 ±0.03

0.41 ±0.01

2

Psychological

Start

0.82 ±0.12a,b

0.40 ±0.01

0.67 ±0.06a,b

0.44 ±0.02

3

(thermoneutral)

End

0.81 ±0.13a,b

0.39 ±0.01

0.64 ±0.07b

0.45 ±0.04

4

Thermal

Start

0.52 ±0.02

0.41 ±0.01

0.51 ±0.02

0.42 ±0.01

5

(passive heating)

End

0.64 ±0.02

1.01 ±0.09*

0.63 ±0.03b

0.80 ±0.12*

6

Psychological

Start

0.78 ±0.04a,b

1.17 ±0.10*

0.68 ±0.03a,b

1.02 ±0.17*

7

(passive heating)

End

0.81 ±0.04a,b

1.05 ±0.07*

0.70 ±0.03a,b

0.99 ±0.11*
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4.3.2.3 Sweat gland recruitment
In the current experiments, we confirmed that differences exist in the sweat gland
distribution pattern between volar and dorsal surfaces of the hand (Figure 4.10), with
eccrine glands from the palm arranged along the epidermal ridges in a more regular
fashion than glands at the non-glabrous site (Grew, 1684; Sarkany and Gaylarde, 1968).
In addition, sweat gland densities of approximately 200 glands.cm-2 were observed within
the hand surfaces, which is similar to data from several investigations available in the
literature (Machado-Moreira et al., 2008a; Taylor and Machado-Moreira, 2011; Chapter
1: Table 1.1). Unfortunately, technical problems (e.g. blurred images) precluded the
analysis of palmar photographs from three subjects at several stages throughout the trial.
Thus, sweat gland density data from this location are presented for seven subjects. Raw
data (photos) are presented in Figures 4.11 and 4.12 to illustrate the identification and
counting procedures adopted (details: Section 4.2.4.2).

As photographs were taken from only one skin surface at each relevant stage
within each trial (Section 4.2.2.2), the same site was not investigated twice during any
stimulation. Thus, the gland recruitment data from Trials A and B were not combined for
analysis. Prior to the thermoneutral psychological stimulus, 4 (±2) and 3 (±1)
glands.cm-2 were identified as being active on the palm and dorsal hand, respectively
(Figure 4.13). Immediately following the application of the psychological stimulation, 47
(±8) glands.cm-2 were recruited at the palm, and this number increased to 162 (±22)
glands.cm-2 after 10 min of mental arithmetic (P<0.05). During the same period, no
significant change in gland recruitment was observed at the dorsal hand (P>0.05).
However, passive heat loading increased the number of activated sweat glands at both
skin sites, with 52 (±16) and 186 (±23) additional glands.cm-2 recruited at the palm and
dorsal hand, respectively (P<0.05; Figure 4.13). Then, as the psychological stimulation
was re-applied, previously silent glands were activated at both surfaces. At the
completion of the cognitive task, an additional 18 (±4) glands.cm-2 were recruited from
the dorsal hand (P>0.05), while these additional glands averaged 128 (±24) glands.cm-2
at the palm (P<0.05). It is important to note that previously active glands that became
inactive during a trial could not be differentiated from those that remained active
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throughout (Section 4.2.4.1).

4.3.2.3.1 Sweat gland output
Since it has been demonstrated that increases in sweat secretion due to either
thermal stimulation or static exercise are more dependent upon increments in the number
of active glands than on the secretion rate from each gland (Randall, 1946b; Kondo et al.,
2001, 2002), we considered it essential to further examine these local dynamics, but now
following psychological stress. Therefore, palmar sudomotor responses were investigated
during mental arithmetic in the thermoneutral state, with sweat gland outputs (i.e.
secretion per gland) estimated from sweat rates and the number of active glands at each
min throughout the non-thermal stimulus (Figure 4.14). From these data, it is evident that
increases in sweating observed in the beginning of the psychological stimulation (Figure
4.8A: Trial B) resulted mainly from a progressive recruitment of (additional) sweat
glands, as oppose to increases in sweat rate per gland (Figure 4.14).
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Figure 4.10 Photographs from activated sweat glands at the palmar (4.10A) and dorsal
surfaces of the hand (4.10B) during psychological and thermal stimuli, respectively.
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Figure 4.11 Sweat glands identification and counting. Photographs are from a 1-cm2 area
within the palm. In this example, 23 glands were activated at this skin location due to
passive heat loading (4.11A), which were identified and counted using a yellow marker
(4.11B). Furthermore, additional glands recruited immediately following the initiation
of psychological stimulation (mental arithmetic (10 min)) were identified using a red
marker (4.11C). Finally, a pink marker was used to identify and count further recruited
glands during the last min of the cognitive task (4.11D). Note: Images were reproduced
directly from the computer screen when using the Photoshop software for data analysis.
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Figure 4.12 Sweat glands identification and counting. Photographs are from a 1-cm2 area
within the dorsal surface of the hand. In this example, 301 glands were activated at this
skin location due to passive heat loading (4.12A), which were identified and counted
using a yellow marker (4.12B). Furthermore, additional glands recruited immediately
following the initiation of psychological stimulation (mental arithmetic (10 min)) were
identified using a red marker (4.12C). Finally, a pink marker was used to identify and
count further recruited glands during the last min of the cognitive task (4.12D). Note:
Images were reproduced directly from the computer screen when using the Photoshop
software for data analysis.
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Figure 4.13 Active sweat gland density at the volar (4.13A) and dorsal hand surfaces
(4.13B) at the seven trial stages (1: basal; 2 and 6: start of mental arithmetic; 3 and 7:
end of mental arithmetic; 4 and 5: start and end of passive heating, respectively). a =
Significantly different from stage 1. b = Significantly different from stage 4. c =
Significantly different from stage 5. d = Significantly different from stage 2. * =
Significantly different from stages 1 to 4. Data are means with standard errors of the
means. Sample size was ten for the dorsal hand and seven for the palm.
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Figure 4.14 Local dynamics of sweat secretion at the palm during 10 min of mental
arithmetic performed in the thermoneutral state. Sweat gland outputs were derived from
sweat rates (mg.cm-2.min-1) and the number of active sweat glands (glands.cm-2) computed
at 1-min intervals. Data are means and standard errors of the means. Sample size was
seven.
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4.4 DISCUSSION
The present research focussed upon sweat gland recruitment following passive
heating and psychogenic stimuli. In particular, we wanted to see if, within the same skin
site, the same glands would be activated during these different stimulations. Active sweat
glands were counted at two areas within glabrous (palm) and non-glabrous (dorsal) skin.
The principal outcome from this work was that glands that were silent during passive heat
loading became active at both sites when the psychological stimulus was applied.
Therefore, our first working hypothesis that predicted that the same sweat glands would
be recruited during both stimulations, was rejected. This may indicate that separate
pathways were activated during each form of sweating. However, this seems to be a
rather unnecessarily complex design, given the whole-body nature of both thermal and
psychological sweating (Machado-Moreira et al. 2008a,b,c: Chapter 2; Machado-Moreira
and Taylor, 2007: Chapter 3). Alternatively, it may simply be a reflexion of an
intermittent activation of the eccrine glands, as previously evident in independent
investigations on thermal and non-thermal sweating (Randall, 1946a,b; Nishiyama et al.,
2001; Ohmi et al., 2009).

Furthermore, hypotheses two and three were also rejected. According to these
hypotheses, sweat glands would not be activated at the dorsal hand during psychological
stimulation in the thermoneutral state (hypothesis two), and nor at the palm during lowintensity passive heating (hypothesis three). Indeed, if one has looked only at the sweat
gland counts (Figure 4.13) and sweat rates (Figure 4.8 and Table 4.5), these hypotheses
would not have been rejected. Instead, it would have been concluded that psychogenic
sweating does not take place at the non-glabrous skin in thermoneutral conditions, and
that thermal secretion is not apparent at the palm, as has previously been reported by
some (Ogawa, 1975; Vetrugno et al., 2003). Nevertheless, in this study, changes in skin
conductance permitted detection of primary sweat production. From these data, it was
evident that sweat glands were non-thermally activated at the non-glabrous skin in the
thermoneutral state, and at the palmar surface during heat loading (Figures 4.6, 4.7 and
Table 4.4). Therefore, the failure to detect sudomotor responses using either the
hygrometric or colorimetric methods did not mean an absence of sweat gland activity.
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Instead, it confirmed that, when the gland is activated, but sweat production does not
exceed ductal reabsorption, discharged sweat will not be detected. This emphasises the
need to use the appropriate methods when investigating low-intensity glandular activity
(Chapter 3 and Appendix A).

4.4.1 Sweat gland recruitment
To the best of our knowledge, differences in sweat gland recruitment between
thermal and non-thermal stimulations have not yet been elucidated. It was anticipated that
no further glands would be activated during the psychological challenge. However, we
observed increased glandular recruitment when a psychological stimulation was
superimposed upon thermal loading. This phenomenon was more pronounced at the
palmar surface, but it was also evident on the non-glabrous surface of the hand (Figure
4.15). Indeed, over the course of the cognitive task (applied on the top of thermal
sweating), an average of 18 additional glands.cm-2 were activated at the dorsal hand.
Given that the dorsal (metacarpal) area is about 113 cm2 (Hardy and DuBois, 1938), this
represents an added recruitment of 2,065 sweat glands for each hand. At the palm, the
psychological stimulus additionally recruited 128 glands.cm-2, meaning approximately
14,492 new active glands at each hand. Therefore, from these data, it is evident that
thermal and psychological stimulation recruited glands from both surfaces, although the
magnitude of the impact of each stimulus was different upon each skin site (Figure 4.15).

Several mechanisms may account for this observation. Firstly, it is well
established that 5-10% of the eccrine glands from non-glabrous skin appear not to
participate in thermal sweating. Perhaps these glands lack innervation, but possess some
neurotransmitter sensitivity. During a prolonged psychological stimulus, it is possible that
neurotransmitter release exceeds receptor binding and metabolism, leading to a transient
accumulation (flooding) within the interstitium, and the activation of normally silent
sweat glands. In fact, we observed a ~10% increase in the number of active glands in
the dorsal hand due to the 10-min cognitive task applied on the top of thermal sweating.
Hence, this mechanism is plausible, at least for this skin location. However, these
thermally silent glands were more prevalent at the palm than at the dorsal hand,
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Figure 4.15 Number of activated sweat glands at the palm and dorsal hand in the
thermoneutral (basal) state, following passive heating and during psychological
stimulation (mental arithmetic) applied on the top of the thermal load. The bars are
summations of additional sweat glands activated at each skin site due to each stimulus.
Data are means. Sample size was ten for the dorsal hand and seven for the palm.
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which can be explained by the greater responsiveness of the volar site to psychological
than thermal stimulation. In our trials, thermally activated glands at the palm represented
30-40% of those non-thermally recruited (Figures 4.13 and 4.15).

Secondly, since eccrine sweat glands can be adrenergically activated, the
possibility exists that this psychological stimulus was of such a magnitude that adrenaline
was released from the adrenal gland, resulting in the activation of more sweat glands.
This hypothesis is intriguing and, indeed, the participation of circulating catecholamines
in the modulation of sweating has been generally regarded to take place during nonthermal stimulation (Robertshaw et al., 1973; Mack et al., 1986; Buono et al., 2010).
However, apparently, even during extraneous physiological conditions, such as heavy
exercise, circulating catecholamines concentration in the skin might be lower than that
in the plasma (Ogawa, 1976), and thus, it may not exceed the minimum adrenaline dose
required to locally induce sweat secretion (~10-7 g.mL-1; Chalmers and Keeke (1951);
Sonnenschein et al. (1951)). Therefore, it seems unlikely that, in the current
investigation, the activation of additional glands resulted from humoral adrenergic
modulation.

Thirdly, it is possible that different neural pathways exist for thermal and
non-thermal activation of a subset of sweat glands. This was previously suggested by
Robertshaw (1977), after Uno and Montagna (1975) and Uno (1977) demonstrated the
presence of adrenergic nerves sparsely distributed around the sweat glands of humans and
macaques using histofluorescence and electron microscopy. The existence of adrenergic
terminals was latter confirmed by Donadio et al. (2006) using immunofluorescent
techniques. Indeed, this seems to support Robertshaw’s (1977) hypothesis that an
adrenergic innervation of ~30% of the palmar sweat glands would account for
psychological sweating. Whilst this theory has not yet been confirmed, it is still accepted
by some (Shields et al, 1987; Nakazato et al., 2004), since this possibility is generally
supported by the demonstrated responsiveness of eccrine glands to adrenomimetic agents
(Sonnenschein et al., 1951; Wolf and Maibach, 1974), the adrenergic origin of the sweat
gland innervation (Guidry and Landis, 1998), and the coexpression of cholinergic and
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adrenergic phenotypes at the sudomotor neuroeffector junction (Weihe et al., 2005).
Thus, as the existence of a dual innervation for the sweat glands can not be ruled out,
there is the possibility that the additional active glands in the present trials were
noradrenergically (neurally) recruited, as oppose to the cholinergic activation during
passive heating. This possible noradrenergic control of psychological sweating has been
examined in detail in a subsequent study (Chapter 5).

The final and most likely explanation for the additional glands activated is the
intermittent recruitment of sweat glands during either thermal (Ogata, 1935; Randall,
1946b) or non-thermal stimulations (Nishiyama et al., 2001; Ohmi et al., 2009). For
instance, while studying the recruitment of glands from the sole of the foot (0.06 cm2area: 19 to 32 sweat glands) during psychological stimulation, Nishiyama and colleagues
(2001) observed an irregular activation of glands, with active, less active and inactive
glands being distinguished. Indeed, even when the total number of active sweat glands
was apparent within the same skin site during distinct moments throughout the trial,
identical patterns of gland recruitment was never obtained (i.e. same total density, but
with different glands being activated). Furthermore, observations from this research
group indicated that differences in activation thresholds accounted for quantitative
variations in activation state, and that such fluctuations in state are also detected (over
time) for a single gland if the stimulation is continued (Nishiyama et al., 1994). In
another recent study, optical coherence tomography was used to dynamically analyse
psychologically induced sudomotor responses (Ohmi et al., 2009). In this investigation,
continuous evaluation of sweating was accomplished, as time-sequential imaging of
eccrine glands was acquired from the fingertips. From these data, a non-uniform
recruitment pattern was again evident, even though their observations were limited to a
very small surface (~0.7 mm2), with visualisation of only 3-5 adjacent glands obtained
within this area. Hence, this intermittent recruitment of eccrine glands may increase the
neuro-effector response efficiency, as these alterations in glandular activation seem to
occur in such a balanced and compensatory fashion that the proportional control of the
resultant (overall) sudomotor response is preserved at different stimulation (neural
activity) intensities.
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Indeed, the glandular recruitment pattern following psychological stress may
resemble that which occurs during thermal loading. That is, under a sustained load, not
all glands are initially activated, but more are recruited as the strain is elevated or
becomes more protracted (Randall, 1946b; Kondo et al., 2001). This may be analogous
to the recruitment of motor units within skeletal muscle. In addition, such a pattern was
also apparent during isometric (static) exercise, with increased sweat rates following
increments in the exercise intensity mainly resulting from a higher number of recruited
glands (Kondo et al., 2002). This greater dependance upon the density of activated glands
during static exercise has been initially evident at non-glabrous skin surfaces (Kondo et
al., 2002), but this pattern was recently also observed for the glabrous surface of the
hand (Amano et al., 2011). In that study, increases in palmar and index finger sweating
with higher exercise intensity were brought about entirely by increasing the number of
active glands, as individual gland output (i.e. sweat rate per gland) actually decreased at
both palmar sites. Accordingly, to observe if this recruitment fashion would also take
place following psychological stimulation, we further examined the local dynamics of
sweat secretion at the palm during mental arithmetic in the thermoneutral condition
(Figure 4.14).

From these data, it is evident that additional glands were recruited as sweat rate
increased due to the protracted psychological stimulation, but sweat gland output was
progressively reduced. This is indeed similar to the general pattern reported for both
thermally- and exercise-induced sudomotor responses (Randall, 1946b; Kondo et al.,
2001, 2002). In addition, this increased number of activated glands was the main factor
accounting for the increments in secretion rate observed during the beginning of the
psychological stimulation in the current experiment, which is also consistent with recent
observations on the local dynamics of sweating from glabrous skin surfaces during static
exercise (Amano et al., 2011). Taken together with data available in the literature, this
indicates an incremental, but intermittent sweat gland recruitment pattern as either
thermal or non-thermal strain is increased. The possible neurophysiological basis for this
irregular behaviour relies upon the existence of a spatial summation of multiple synaptic
inputs driving the gland response. In fact, anatomical and functional evidence appears to
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support this model, since eccrine glands are innervated by several postganglionic fibres,
with such neurons having multiple synaptic contacts (Kennedy et al., 1994).
Furthermore, as the activity of each sweat gland appears to fluctuate substantially with
every activation, some intrinsic factors (e.g. sensitivity of the secretory cells) of the gland
may also be involved (Nishiyama et al., 2001).

In summary, it is likely that the current stimulations both activated additional
glands, regardless of whether it was of thermal (Randall, 1946b; Kondo et al., 2001) or
non-thermal origins (exercise: Kondo et al., 2002; psychological: current study), or a
combination of both (current observations). Moreover, this appears to take place at both
the glabrous and non-glabrous skin surfaces. This phenomenon seems to support the
hypothetical model illustrated in Figure 4.1B, with thermal and non-thermal mechanisms
interacting at a central level, and a resulting integrated drive activating eccrine glands
across the entire body skin surface. Thus, an increase in either thermal or non-thermal
stimulation will modify this integrated drive, which will modify the secretory activity of
sweat glands across the whole body surface.

4.4.2 Skin conductance and sweat rates
The current data confirmed that psychological stimulation, applied either in the
thermoneutral state or following the establishment of thermal sweating, activates sweat
glands from both volar and dorsal surfaces of the hand. Nevertheless, the relatively lowintensity sudomotor responses occurring at non-glabrous sites were detected only by the
skin conductance measurement. Similarly, significant variations in thermally induced
secretion at the palm were reflected in the changes in skin conductance observed for this
site, but neither the ventilated capsule method nor the colorimetric technique was
sensitive enough to significantly detect these small sweat responses.

Indeed, Ohmi et al. (2009) emphasised that, depending on the intensity of the
stimulus applied, sweat will not be ejected onto the skin surface. In their experiments,
the amount of psychologically induced sweating rapidly increased within the spiral lumen
of the gland and, therefore, it modified the size of this structure, allowing the detection
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of the sudomotor response using optical coherence tomography. However, even though
sweat was stored within the duct for approximately 200 s, it was not evident as
discharged sweat, and our data are consistent with this observation. Thus, a failure to
observe discharged sweat does not necessarily mean an absent sudomotor response, but
may just reflect a failure to detect sweating. In addition, our previous observations with
regard to differences in thermoregulatory sweating thresholds estimated based upon
precursor (skin conductance) and discharged sweating (ventilated capsule) lend further
support to this statement (Machado-Moreira et al., 2009; Appendix A). In those
experiments, it took approximately four minutes for thermal secretion to become evident
on the skin surface after it has been already reflected in alterations in skin conductance.
Therefore, the sensitivity of the technique used to measure sweat will certainly have a
significant impact on the evaluation of low-intensity sudomotor responses, when either
thermally- or non-thermally induced.

4.5 CONCLUSION
The current data confirm that thermal and psychogenic sweating can be elicited
from both glabrous and non-glabrous surfaces, although increases in sweat production
may remain undetected depending on the intensity and duration of the stimulation, and
on the technique used to evaluate the sudomotor responses. The present data also
demonstrate that, within glabrous and non-glabrous sites, glands that are silent during
thermal stress can become active following a superimposed psychological stimulation. It
is reasonable to suggest that a non-uniform, intermittent activation of sweat glands due
to increases in thermal, non-thermal or an integrated drive may account for these
additional glands being recruited.
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CHAPTER 5: ANTICHOLINERGIC SUPPRESSION OF SWEATING DURING
THERMAL, PSYCHOLOGICAL AND EXERCISE STIMULI

5.1 INTRODUCTION
The neural control of human eccrine sweating is not yet completely understood.
In particular, whilst the cholinergic modulation of thermal sweating has been extensively
demonstrated, with acetylcholine as the neurotrasmitter (Dale and Feldberg, 1934;
Randall and Kimura, 1955; Kimura et al., 2007), the scientific evidence available with
regard to the neuropharmacological control of non-thermally mediated sweating is
equivocal. Indeed, as sparse distribution of noradrenergic nerve terminals surrounding
the sweat gland has been observed (Uno, 1977; Donadio et al., 2006) and since sweat
secretion is induced by administration of adrenergic agonists (Haimovici, 1950; Allen and
Roddie, 1972; Wolf and Maibach, 1974), it is possible that a dual innervation exists for
these eccrine glands, and that non-thermally induced sudomotor responses are, at least
in part, adrenergically driven (Robertshaw, 1977; Mack et al, 1986). This possibility is
intriguing, but apparently no definite consensus exists, as some have stated that sweating
is solely controlled by cholinergic mechanisms (Chalmers and Keele, 1952; Foster and
Weiner, 1970), while others suggested that adrenergic modulation of sweating takes place
during psychological stress (Robertshaw, 1977; Nagazato et al., 2004) and exercise
(Robertshaw et al., 1973; Ogawa, 1976; Mack et al., 1986). Accordingly, in this
experiment, we revisited the neural control of sweating, with a particular emphasis upon
its pharmacological modulation during thermal and non-thermal stimuli.

5.1.1 Control of eccrine sweating
The efferent pathways participating in thermally induced sweat secretion are
generally well established, with the hypothalamus as the thermal sudomotor centre, and
efferent preganglionic myelinated fibres passing through the medulla, crossing the lateral
horn of the spinal cord, and reaching the sympathetic ganglia. From here, postganglionic
unmyelinated type-C fibres arise that end in close proximity to the sweat glands (Sato et
al., 1989; Groscurth, 2002). In the sweat gland, the neurotransmitter acetylcholine binds
to muscarinic receptors (M3 type) and sweat production is induced via activation of
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potassium (K+) and chloride (Cl-) conductances in the gland cells, which is mediated by
calcium (Ca2+) as an intracellular messenger (Reddy and Bell, 1996; Shamsuddin et al.,
2008). The cholinergic (acetylcholine) nature of the sympathetic nerve fibres innervating
the sweat glands has been reported earlier in the classical experiment of Dale and
Feldberg (1934) and further confirmed by anatomo-histological (List and Peet, 1938a,b;
Uno, 1977, Donadio et al., 2006) and pharmacological investigations (List and Peet,
1938c; Kahn and Rothman,1942; Janowitz and Grossman, 1950; Sato and Sato, 1981).
In addition, the functional dominance of cholinergic sweating is largely demonstrated
under thermal stimulation, with atropine inhibiting thermally induced secretion (Chalmers
and Keele, 1951; MacIntyre et al., 1968; Kolka et al., 1986; Shastry et al., 2000).

On the other hand, the exact neural pathways controlling non-thermally mediated
sweating responses are still to be elucidated. The observation that increased neural
activity within brain areas such as the cingulate gyrus, primary motor cortex,
hippocampus, amygdala, and medial frontal cortex area is generally accompanied by
increases in electrodermal responses (Hazlett et al., 1993; Mangina and
Beuzeron-Mangina, 1996; Fredrikson et al., 1998) indicates that it is possible that
structures within the cerebral cortex and limbic system, which are related to memory
function and changes in emotional states (Bechara et al., 1995), may be involved in
psychological sweating. Unfortunately, the lack of data in the literature, particularly in
humans, prevents the precise identification of this sudomotor central control (Homma et
al., 1998 (N=2); Homma et al., 2001 (N=3); Asahina et al., 2003 (N=1)).

Furthermore, it is generally accepted that non-thermally mediated sweating occurs
exclusively at glabrous (non-hairy) skin surfaces (e.g. palms, soles) and that its control
is parallel to that observed for thermal sweating at hairy sites (Kuno, 1956; Iwase et al.,
1997). However, there is some evidence that non-thermal sweating can also be elicited
from non-glabrous surfaces in the presence of prior thermally induced secretion (Kuno,
1956; Kennard, 1963; Kondo et al., 2002). This indicates a possible facilitatory
mechanism between thermal and non-thermal sweating, and data from our previous
experiments support this phenomenon (Chapter 3). Conversely, reciprocal inhibition is
225

deemed to take place between these sudomotor responses (Ogawa et al., 1977; Iwase et
al., 1997). In addition, some have suggested that different neutrotransmitters are involved
in thermally and non-thermally mediated sweating, with the former being exclusively
modulated by acetylcholine (Chalmers and Keele, 1952), and with non-thermal sweat
secretion during psychological and exercise stimuli being at least partially adrenergically
driven (Robertshaw et al., 1973; Robertshaw, 1977). This possibly adrenergic, nonthermal modulation of sweating is the central focus of the current study.

5.1.2 Pharmacological studies on sweating
Early experiments investigating the pharmacology of sweating focussed upon the
nature of sudomotor responses, and confirmed that sweating is, indeed, cholinergically
driven, even though this is not the feature usually observed for postganglionic
sympathetic fibres (Dale and Feldberg, 1934). Additionally, cholinomimetic agents, such
as acetylcholine, pilocarpine and methacholine, were used by those seeking a more
precise description of the innervation for the eccrine sweat glands (Wilson, 1934; List
and Peet, 1938a,b; Kahn and Rothman, 1942, Janowitz and Grossman, 1950). In
particular, List and Peet (1938a-c) performed a series of very interesting experiments in
humans, in which they evaluated sweating responses associated with lesions of the
peripheral nerves, sympathetic chain or the spinal cord, and identified the (anatomical)
origin of the preganglionic fibres innervating different regions of the body. In these
classical studies, they also investigated sudomotor responses to cholinergic agonists
(pilocarpine and methacholine) in healthy individuals, and it was evident that both
pilocarpine and methacholine acted only peripherically, as no effect of these drugs was
apparent on the central nervous system. Indeed, these earlier experiments significantly
contributed to our understanding of the well-known cholinergic and muscarinic action of
these parasympathomimetic drugs on sweating.

Furthermore, anticholinergic drugs have been widely used to evaluate the impact
of cholinergic pathways upon eccrine sweat secretion. For instance, following extensive
examination of the effects of various cholinergic antagonists upon sweating, Shelley and
Horvath (1951) postulated that scopolamine (hyoscine) and atropine were the most
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effective in blocking sweating. These agents act directly on the muscarinic receptors of
the gland, with the neurotransmitter release from the postganglionic nerves not being
prevented by these drugs. Thus, the relevance of the sympathetic cholinergic control of
eccrine sweat glands has been unequivocally demonstrated, in particular under thermal
stimulation (Chalmers and Keele, 1952; Foster and Weiner, 1970; Wolf and Maibach,
1974).

The action of adrenomimetic agents on the eccrine sweat gland has also been the
focus of several investigations. Haimovici (1950) evaluated sudomotor responses to three
adrenergic agonists, and reported greater responses when epinephrine and norepinephrine were administered in comparison to secretion induced by isoproterenol. This
led the author to suggest that sympathin E or the excitatory component of epinephrine
accounted for the adrenergically induced sweating. Furthermore, the adrenergic sweating
responses were less intense, but quicker, than those obtained during cholinergic
stimulation. This was confirmed in further studies (Chalmers and Keele, 1951;
Sonnenschein et al., 1951; Collins et al., 1959; Warndoff and Neefs, 1971; Wolf and
Maibach, 1974; Sato and Sato, 1981), and indicates that different mechanisms exist for
the action of adrenaline and acetylcholine on the sweat gland. However, Haimovici
(1950) also observed a synergistic effect on sweating when adrenergic and cholinergic
agents were applied together at the same skin surface and suggested that the same gland
cells respond to both agents rather than that different cells are sensitive to each. Whilst
other researchers have indeed claimed the existence of potentiation (facilitation) between
adrenergically- and cholinergically-induced sweat responses (Sonnenschein et al., 1951;
Kuno, 1956; Ohara et al., 1984; Buono et al., 2010), this phenomenon was not apparent
in some experiments (Collins et al., 1959; Foster et al., 1967; Ogawa, 1976; Morgan et
al., 2006). Notwithstanding the occurrence or not of a facilitatory mechanism between
adrenergic and cholinergic sweating, it has been demonstrated that adrenergic and
cholinergic agents act on the same gland cells, although the physiological mechanisms of
secretion are relatively independent of each other (Reddy and Bell, 1996).

In addition, whilst the cholinergic innervation and modulation of sweating is
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clearly established and regarded by some as the only functional pathway controlling
human eccrine secretion, pharmacological data confirming the responsiveness of eccrine
glands to adrenergic agonists, including the failure of atropine to inhibit this response
(Allen and Roddie, 1972; Wolf and Maibach, 1974), do not allow one to rule out the
existence of either a dual innervation for the sweat gland or a functionally relevant
adrenergic sweating. Accordingly, the participation of adrenergic mechanisms in nonthermally mediated sudomotor responses has been suggested (Robertshaw et al., 1973;
Robertshaw, 1977; Mack et al., 1986; Nakazato et al., 2004), although it has not been
apparent in some investigations (Chalmers and Keele, 1951; Allen et al., 1972; Wolf and
Maibach, 1974). Thus, this (adrenergic) modulation is still to be clarified.

Processes possibly occurring during early development, might help one to explain
the (residual) sweat gland responsiveness to adrenergic transmitters. These include the
conversion of originally sympathetic adrenergic fibres into cholinergic fibres following
interaction with the sweat gland (Steven and Landis, 1987, 1988; Habecker and Landis,
1994; Guirdy and Landis, 1998). After this model, it was suggested that catecholamines
would be a likely candidate to regulate the production of this differentiation factor by
sweat glands (Habecker et al., 1995). However, the role of catecholamines in the
appearance of cholinergic properties in the sweat gland innervation does not seem evident
(Tsahai Tafari et al., 1997), although catecholamines may be necessary to trigger the
final maturation of the sweat glands, and to induce secretory responsiveness (Tian et al.,
2000).

More recently, three additional pieces of the adrenergic sweating puzzle have
emerged. First, Kennedy et al. (1994) observed that human eccrine sweat glands are
innervated by several fibres, with such neurons having multiple synaptic contacts.
Second, Weihe et al. (2005) used polyclonal antibodies to identify the vesicular amine
transporters for acetylcholine and noradrenaline in human sweat glands, thereby
demonstrating that mechanisms exist within sympathetic neurons for their possible cotransmission. This is very different from the classical and mutually exclusive mode of
expression of adrenergic and cholinergic traits, and, indeed, it conflicts with previous
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interpretation that functional adrenergic innervation of sweat gland would be parallel to
the cholinergic pathway. Third, Donadio et al. (2006) confirmed the presence of
adrenergic innervation of human eccrine glands (immunofluorescent techniques), albeit
sparse as previously observed by Uno (1977). Thus, particularly after data from Weihe
et al. (2005), one may regard the adrenergic sweating (possibly including nonthermogenic
or psychogenic sweating) in terms of coordinated differential catecholamine and
acetylcholine release at the sudomotor neuroeffector junction in the skin under
sympathetic control.

5.1.2.1 Blockade studies
Pharmacological blockades have, for decades, been used to identify the functional
roles of neural and endocrine mechanisms. For instance, atropine blocks the muscarinic
receptors on various effectors (e.g. sweat glands), eliminating thermal sweating at rest
(Foster and Weiner, 1970) and demonstrating the significance of cholinergic pathways.
A complete absence of sweating of any form following such a blockade, would show that
other neuroendocrine mechanisms were of little functional relevance, and this has
generally been observed. For example, Chalmers and Keele (1951) reported that thermal
and psychological sweating can be completely blocked by atropine in resting subjects, but
not that secretion accompanying exogenous adrenaline administration. Observations from
other experiments also indicated that neither the continuous transepidermal water loss
(insensible perspiration) at the palm nor adrenaline-induced sweating were suppressed by
atropine (Sonnenschein et al., 1951; Wolf and Maibach, 1974). However, in addition,
Wolf and Maibach (1974) observed that psychological sweating was almost completely
(but not totally) suppressed by this anticholinergic drug, and suggested that a
pharmacological mediator other than acetylcholine accounted for the non-thermallyinduced palmar sweating, or that the insensible perspiration occurring at this site could
be non-pharmacologically mediated. Accordingly, these authors further implied that
palmar eccrine sweating could be adrenergically driven, although, in their study,
intravenous doses of alpha- and beta-blockers (phentolamine, phenoxybenzamine and
propranolol) failed to inhibit either insensible perspiration or psychological secretion, and
exerted no significant effect upon adrenaline-induced palmar sweating. Indeed, the
229

inability of adrenergic antagonists to suppress physiological (insensible perspiration,
psychological or thermal) sudomotor responses has been previously reported (Chalmers
and Keele, 1951, 1952; Sonnenschein et al., 1951; Allen et al., 1972), although some
have also observed decreased physiologically-induced sweat secretion following
adrenergic blockades (Haimovici, 1950; Foster and Weiner, 1970; Mack et al., 1986).
However, different from observations from Wolf and Maibach (1974), suppression of
adrenaline-induced sweating generally takes place when adrenergic antagonists are
administered (Haimovici, 1950; Chalmers and Keele, 1951, 1952; Sonnenschein et al.,
1951; Allen et al., 1972; Ogawa, 1976), which indicates that the sweat inhibition by
adrenergic agents was not successfully accomplished in Wolf and Maibach’s (1974)
investigation. Thus, data from experiments in which anti-adrenergic drugs were used to
suppress sweat secretion are equivocal, but, in general, it seems that adrenergic blockades
inhibit adrenaline-induced sweating, and cause no significant effect on insensible
perspiration, thermal and non-thermal sweating.

Conversely, cholinergic blockades usually provoke significant sweat suppression
under thermal stress. However, most blockade experiments in which (thermal) sweating
was completely inhibited were performed at rest and using only mild thermal loads, and
researchers frequently used relatively insensitive methods to quantify sweating. With
greater heat loads (37 oC; Allen et al., 1972; 45 oC; Gibinski et al., 1973), and during
exercise (22 oC; Kolka et al., 1989), atropine appears not to totally extinguish sweating,
resulting in reductions of approximately 50-60%. Also, in a recent study by Shastry et
al. (2000), thermally-induced sweating during passive heating was abolished by systemic
cholinergic blockade (atropine: 0.4 mg), but this complete sweat suppression was
transient, with secretion being re-established following thirty minutes of heat loading and
atropine causing only partial (78%) reduction in sweating. In addition, full inhibition of
sweating due to systemic atropine (2 mg) does not seem to occur during exercise in the
heat, with 39% and 51% (heat acclimated and unacclimated individuals, respectively;
Sawka et al., 1984), 48% (Craig, 1952), and 60-70% reductions in sweat (Kolka et al.,
1986) observed in this condition. Finally, sweat secretion was also incompletely
suppressed (43% depression) when a different cholinergic antagonist, hyoscine (2 mg),
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was systemically administered, and this inhibition became even less pronounced as body
core temperature increased (Goldsmith et al., 1967). Similar observations were made by
Cummings and Craig (1967), with the action of the cholinergic antagonist (atropine)
being opposed by increases in body temperature, and also by Allen et al. (1972), with
whole body sweating almost returning to pre-atropine values as heat exposure progressed
and caused significant increases in core temperature.

It appears, therefore, that the atropine blockade can be overcome, as the resultant
suppression of evaporative cooling will drive an increase in body temperature which, in
turn, will increase the neural drive for sweating. As this phenomenon is probably
accompanied by greater acetylcholine release, one may hypothesise that the residual sweat
secretion observed in earlier experiments took place due to increased endogenous
acetylcholine resultant from increments in body temperature (without simultaneous
increases in the antagonist’s dose). This theory is consistent with the competitive nature
of this cholinergic blockade and its resultant dose-response pattern, which is already
demonstrated for the effects of atropine upon heart rate and saliva flow (Lonnerholm and
Widerlov, 1975), and is also apparent for sweating responses (Cummings and Craig,
1967). Furthermore, this possibility is supported by the inversely proportional
relationship between cholinergic (atropine) suppression and the rate of nerve stimulation
reported by Foster and Weiner (1970), and also by the greater

acetylcholine

concentrations required to induce sweating following administration of higher doses of
atropine (Chalmers and Keele, 1952). Therefore, the incomplete inhibition of sweating
that took place in several experiments may have resulted from increased acetylcholine at
the neuroglandular junction due to increased core temperature, and not from the
activation of non-cholinergic pathways. Indeed, in the vast majority of the studies in
which residual sweating was present following cholinergic blockade, this was
accompanied by increments in body core temperature (Craig, 1952; Cummings and
Craig, 1967; Goldsmith et al., 1967; Sawka et al., 1984; Kolka et al., 1984, 1986,
1989). However, in one investigation (Gibinski et al., 1973), increased sweat production
was observed in atropinised, passively heated subjects, but body temperature data were
not provided. On the other hand, as body temperature was not clamped throughout an
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one-hour heat exposure (45oC), it is very likely that it rose significantly during this
period. In addition, sweat suppression was even less evident as the passive heat loading
continued, which indicates that greater residual secretion might have resulted from further
increases in body temperature, decreased level of atropine competing at the gland’s
receptors, or a combination of both. Unfortunately, the residual sweating observed by
many following a cholinergic blockade has not been further investigated, and it may be
of endocrine (catecholamine) or neural, non-cholinergic origin.

Finally, whilst some have suggested that sweating responses during psychological
and exercise stimuli are, at least in part, adrenergically modulated (Robertshaw et al.,
1973; Robertshaw, 1977; Mack et al., 1986; Nakazato et al., 2004), more precise data
are needed with regard to the influence of pharmacological blockades (both cholinergic
and adrenergic) upon non-thermally mediated sudomotor responses. Indeed, blockade
studies are essential to confirm the possible functional relevance of adrenergic modulation
of eccrine secretion. Furthermore, the use of relatively low sensitive techniques to
measure sweat secretion, small sample sizes, variations in skin site investigated and in
the drugs (and doses) delivered, and lack of precise data about the variations in body
temperatures during (presumed) non-thermal stimuli prevent an unequivocal conclusion
with regard to the effects of blocking agents upon these (possibly adrenergically-driven)
sweating responses.

5.1.3 Purposes and hypotheses
In the present study, the control of human eccrine sweating was revisited. In
particular, we wanted to investigate whether or not efferent neural pathways other than
the proven cholinergic innervation might participate in the modulation of sweating
induced by thermal, psychological and exercise stimuli. Indeed, while full suppression
of sweating has been generally observed following atropine administration, this
cholinergic antagonist failed to extinguish sweat secretion in some investigations. This,
together with the presence of sparsely distributed adrenergic nerve terminals surrounding
the sweat gland, and the gland’s responsiveness to adrenaline, led some to suggest that
adrenergic mechanisms may drive sweating responses during psychological (neural) and
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exercise (humoral) stimulations. Therefore, we considered it essential to re-investigate
the pharmacological modulation of thermally- and non-thermally-mediated sweating
responses using very sensitive techniques to simultaneously measure secretion from
several skin sites, in isothermally-clamped individuals, prior to, and following systemic
atropine administration.

Two working hypotheses were tested:
Hypothesis one: A systemic cholinergic blockade (atropine) will completely suppress
thermally induced sweating.
Hypothesis two: A systemic cholinergic blockade (atropine) will partially inhibit
sweating during psychological (cognitive task and pain sensation) and exercise stimuli in
isothermally clamped individuals.

5.2 METHODS
Sudomotor responses to thermal, psychological and exercise stimuli were
examined in the thermoneutral state (non-sweating condition), during passive heating and
following systemic cholinergic blockade (atropine). All procedures were approved by the
Human Research Ethics Committee of the University of Wollongong, and the subjects
provided written, informed consent prior to their participation in the study.

Prior to experimentation, pilot tests were conducted using different cholinergic
antagonists (hyoscine and atropine) to inhibit sweating, and these trials were critical for
the final design of the current experiment. In particular, during these trials, the
effectiveness of the pharmacological agent on sweat suppression was observed. Details
with regard to the pilot trials are presented in Appendix B. Furthermore, these trials also
focussed on the blockade duration, the sites from which sweating would be examined and
the non-thermal stimuli to be used. Most importantly, pilot testing allowed us to adjust
the magnitude of the thermal load (increase in body temperature) according to the
magnitude of the blockade (dosage), since observations from these tests indicated that the
cholinergic blockade was apparently overcome when body temperature rose indefinitely.
This led us to incorporate thermal clamping within this experiment, making this the first
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such experiment to use this with a blockade.

5.2.1 Subjects
Power tests showed that, to detect a change in local sweating of 0.04-0.05
mg.cm-2.min-1, when sweating at a rate of 0.3 (SD 0.03) mg.cm-2.min-1, 6-9 subjects were
required. Therefore, nine healthy males (Table 5.1) participated in this experiment after
being selected based on a screening questionnaire designed to exclude those taking any
medication whatsoever, those at risk from cardiovascular strain, musculoskeletal injury
or previous history of hyperthermia, sweating-related disorders, and those who may have
contraindicated medical conditions or allergies, with respect to the pharmacological agent
(atropine) used in the study.

5.2.2 Experimental protocol
5.2.2.1 Experimental standardisation
Subjects were instructed to refrain from strenuous exercise for the 24-h period
immediately prior to the trials, and to not consume caffeine and alcohol for the 12-h
period preceding the experiments. Furthermore, upon arrival at the laboratory, subjects
voided, and the urine specific gravity was measured (Clinical Refractometer, Model 140,
Shibuya Optical, Tokyo, Japan) as an index of their hydration state. This was required
to be <1.0294 prior to commencing these experiments. During the trials, which were
conducted inside a climatic-controlled chamber (27.5-28oC) between 0730 h and 1230 h,
subjects did not consume food or liquids. At the completion of the experiments, due to
the side effects of atropine (Section 5.3.4), subjects remained within the laboratory under
medical supervision, and only when the supervising medical doctor was satisfied that the
status of the subjects was acceptable to leave the laboratory, they were driven home.

1

Hydration classifications based upon urine specific gravity: (a) well hydrated: < 1.013; (b)
euhydrated: 1.013-1.029; and (c) hypohydrated: > 1.029 (Armstrong et al., 1994).
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Table 5.1 Physical characteristics of subjects. Also shown is the atropine dose (0.04
mg.kg-1) used. Data are means with standard deviations (SD).
Subject

Age (y)

Height (cm)

Mass (kg)

Body surface

Atropine

area (m2)

(mg)

1

26

180.4

70.18

1.9

2.81

2

21

178.1

69.68

1.9

2.79

3

23

198.0

82.36

2.2

3.29

4

25

181.6

71.42

1.9

2.86

5

36

162.9

59.56

1.6

2.38

6

28

185.2

70.50

1.9

2.82

7

50

171.9

80.20

1.9

3.21

8

33

173.4

79.70

1.9

3.19

9

25

183.6

78.22

2.0

3.13

Mean

29.7

179.5

73.54

1.9

2.94

SD

9.0

9.8

7.22

0.1

0.29

Note: Body surface area = 0.00718 C kg0.425 C cm0.725 (DuBois and DuBois, 1916)
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During the experiments, subjects wore a swimming suit only. In addition, to
minimise the impact of undesired artefacts (in particular, changes in psychological states
(e.g. alertness, anxiety)) on sweating, subjects were blindfolded throughout the
thermoneutral phase of the trial and also along the period of core temperature clamping
that preceded atropine delivery. However, the blindfold was not used when subjects
performed the cognitive task and isometric exercise (see Section 5.2.2.2 for overview of
the trial).

5.2.2.2 Procedures
After being measured (Stadiometer: Holtain Ltd., Crymych, U.K.) and weighted
wearing only swimming suits (Platform scale: A&D, Model FW-150K, Milpitas, CA,
U.S.A.), subjects were equipped with core and skin thermistors, heart rate monitor,
ventilated sweat capsules, skin conductance surface electrodes and water-perfusion
garment (33oC), while lying supine on a wire-bed (with padding to optimise comfort)
which permitted evaporative cooling from all surfaces.

Thermally and non-thermally mediated sweating responses were investigated
before, and following the application of a systemic cholinergic blockade (atropine). An
overview of the experimental protocol is presented in Figure 5.1. As the trial started, a
10-min period, during which the subjects rested (supine position) in the thermoneutral
state, preceded the application of three non-thermal stimuli (painful sensation (15 s),
cognitive task (2 min) and handgrip isometric exercise (2 min)). These stimuli were
separated by at least 3 min (recovery) to allow sweat responses to return to pre-stimulus
(basal) values. Then, passive heat loading was initiated at 30 ±2 min (range: 25-38 min),
with both feet immersed in heated water (42oC), and with the temperature of the water
passing through the perfusion-suit being increased from 33 to 48oC. Following the
establishment of steady-state thermal sweating (~26 ±2 min (20-36 min) after the start
of the passive heating), core temperature was clamped (~0.5oC above baseline) and the
three non-thermal stimuli were applied for a second time. When basal thermal sweating
was re-established after the last stimulus (isometric exercise), a systemic cholinergic
blockade was administered (atropine; intravenous), and the pain, cognitive task and
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exercise stimuli were re-applied 5-10 min after full suppression of sweating was apparent.
At the end of the trial (123 ±4 min), the core temperature clamp was released and body
temperature allowed to increase, as data from pilot trials indicated that further increments
in body temperature would result in further increases in sweat secretion in atropinised
individuals (Appendix B), and we considered it essential to confirm this observation.
Indeed, in several studies (Craig, 1952; Cummings and Craig, 1967; Kolka et al., 1989),
residual sweating was observed following a cholinergic blockade, and it is very likely that
this resulted from further increases in body temperature, since this was not clamped in
previous investigations.

5.2.3 Thermal and non-thermal stimuli
5.2.3.1 Passive heating
Thermal sweating was induced by passive heating, which consisted of feet
immersion in heated water and a whole-body, water-perfusion suit (Paul Webb
Associates, Yellow Springs, OH, U.S.A.). We used three stirred water baths with
thermostats (38-litre, Grant Instruments (Cambridge) Ltd., Shepreth, U.K.) to control the
water temperature for the feet immersion (one bath) and the perfusion garment (two
baths). In the beginning of the heat loading, the temperatures were 42 and 48oC for the
feet immersion and suit, respectively. These water temperatures were then changed
(increased or decreased) to keep the subject’s body core temperature constant during the
trial (Figure 5.1 (protocol) and Section 5.2.3.1.1).

The water-perfusion garment used in the present study consists of an extensive
network of tubing (~180 m), with three separate parts (anterior and posterior jackets,
and trousers) covering the entire body surface, and held in constant contact with the skin
surface (Figure 5.2). The separate components are made of polyvinyl tubing (length: 1
m; I.D.=1.58 mm; O.D.=3.0 mm; Tygon® tubing), with adjacent tubes linked so that
they formed a diamond pattern across the skin surface. The proximity of these tubes, and
their linkages, was such that skin temperature could be precisely controlled
(thermostatically controlled water), while allowing optimal skin exposure to the air for
evaporation. Indeed, the ability to use this garment to passively heat and thermally clamp
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Figure 5.1 Experimental protocol overview. Following 10 min in the thermoneutral state,
three non-thermal stimuli (painful sensation (P: 15 s), mental arithmetic (M: 2 min) and
handgrip static exercise (H: 2 min)) were applied. Then, passive heat loading was
initiated. Following a ~0.5oC increase in auditory canal temperature (Tau) and the
establishment of steady-state thermal sweating, core temperature was clamped and the
three non-thermal stimuli were applied for a second time. Subsequently, a systemic
cholinergic blockade was administered (atropine), and these stimuli were reapplied after
full suppression of sweating was apparent. At the end of the trial, the core temperature
clamp. The circles in the atropine phase represent the (unknown) sudomotor responses
to be investigated in this experiment. Note: Time is approximate, as the onset of
thermally induced sweat was different for each individual, and since the recovery period
following each non-thermal stimulus and the time required for full suppression of
sweating following atropine injection also varied among subjects.
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core temperature has been previously demonstrated in our laboratory (Cotter and Taylor,
2005).

5.2.3.1.1 Isothermal clamping of body core temperature
As pilot studies indicated (Appendix B), it was essential to prevent further
increases in body temperature following the systemic administration of atropine. Indeed,
given the competitive nature of this blockade, it would be probably overcome (sweat
secretion would be evident) due to increments in the thermal drive and a resultant greater
acetylcholine release at the glandular junction, unless the dose of atropine was
proportionally augmented.

Therefore, body core temperature was maintained constant (variations in auditory
canal temperature <0.1oC) during the experiments, after it had been increased by
~0.5oC from the thermoneutral state (passive heating). To accomplish this, we modified
the temperatures of the water for the feet immersion and perfusion-suit using three stirred
water baths with thermostats. In addition, cooler water was added into these baths to
facilitate finer clamp control.

5.2.3.2 Painful sensation
The painful stimulus was mechanically induced (15 s), using a controlled pressure
applied to the left palm with a pointed, but blunt tool (Figure 5.3) attached to a modified
dynamometer (Nicholas MMT, Model 01160, Lafayette Instrument, Co., Lafayette, IN,
U.S.A.), which allowed a force of similar magnitude to be applied three times during the
trial (Figure 5.1). This standard procedure has been safely used in previous experiments
in our laboratory.
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Figure 5.2 Trial set up and measurements, including the water-perfusion garment, wirebed, sweating measures (ventilated capsules and skin conductance), skin thermistors,
heart rate monitor, and the water bath used for feet immersion during passive heat
loading.
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Figure 5.3 Device used for the standard pressure application to the left palm (pain
stimulus).
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5.2.3.3 Cognitive task
Cognitive stress was used to evoke psychological (non-thermal) sweating, and this
involved the resolution of a series of mental arithmetic calculations, with subjects
required to solve a range of moderately difficult addition or subtraction problems (e.g.
2630 - 45; 3165 + 78), or asked to successively and continuously subtract a given singledigit number from a three- or four-digit number. They were challenged to complete as
many calculations as possible within a 2-min period, and were provided with constant
verbal encouragement. This was designed to increase anxiety and psychological stress.
These cognitive tasks were performed three times throughout the experiment (Figure
5.1), with the modes of mental calculations being applied in a randomised order prior to
the atropine injection, but with the subject always performing the subtraction challenge
following the cholinergic blockade, since it was predicted that subjects may experience
blurred vision due to atropine and, therefore, it could be relatively difficult for them to
read the cards containing the mathematical problems (additions and subtractions).

5.2.3.4 Isometric exercise
Subjects performed three, 2-min bouts of isometric handgrip exercise during the
trial (Figure 5.1), using a custom-made, adjustable hand dynamometer connected to a
load cell (SBA-200L, CAS corporation, Seoul, Korea), and with force obtained being
read from a digital display. They were asked to sustain ~30% of their maximal voluntary
contraction (left hand), with visual feedback being provided (dynamometer display). The
maximal voluntary contraction was determined during the preparatory period, and it was
derived from the average of three 10-s bouts of maximal voluntary contractions
performed at >20-min intervals.

5.2.4 Atropine injection
Atropine sulphate (AstraZeneca Pty Ltd, North Ryde, NSW, Australia) was
intravenously administered by the supervising medical doctor. A tourniquet was applied
to the subject’s left upper arm (and tightened) to facilitate the identification and selection
of a suitable dorsal hand vein (preferably the junction of two tributary veins). Then, the
skin over the injection site was sterilised using alcohol and a butterfly needle was
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inserted. The tourniquet was then released and, after two experimenters have double
checked the atropine dose (0.04 mg.kg-1; average of nine subjects: 2.94 (SD 0.29) mg;
Table 5.1), the drug was delivered over a ~1-min period using a 2-mL syringe attached
to the butterfly needle. This infusion rate was used to obtain a more gradual elevation of
atropine within the blood. Finally, sterile saline (0.9%) was used to flush the line (10-mL
syringe) and the needle was withdrawn.

5.2.5 Measurements
5.2.5.1 Sweat rates
Ventilated sweat capsules (3.16 cm2; Figure 5.2) were used to measure local sweat
rates from the forehead, right forearm (dorsal surface), right hand (dorsal and palmar
surfaces, and right calf (upper medial surface). These capsules were glued to the skin
(Collodion U.S.P., Mavidon Medical Products, FL, U.S.A.) to prevent air leakage and
pressure-induced artefacts. Low humidity air (12%) was obtained by passing air over an
enclosed, saturated lithium chloride solution, and this was then circulated into the sweat
capsules, with the pre-capsular airflow set at 600 mL.min-1, and with post-capsular air
humidity being measured using capacitance hygrometers. Inlet and exhaust air
temperatures and humidities from each channel (corresponding to each ventilated capsule)
were recorded simultaneously at 1-s intervals. Local sweat rates (mg.cm-2.min-1) were
derived from these data, using a sweat monitor system (Clinical Engineering Solutions,
NSW, Australia; Taylor et al., 1997 ). Hygrometer calibration preceded experimentation,
and involved three saturated salt solution standards (details: Chapter 4, Section 4.2.3.2).

5.2.5.2 Skin conductance
Whilst the ventilated sweat capsule method has greater temporal and spacial
sensitivity than most of the techniques generally used to evaluate sweating responses, this
technique relies upon secretions reaching the skin surface (discharged sweat), which
occurs when sweating is clearly established. That is, primary (precursor) sweat
production exceeded water reabsorption (positive turnover). On the other hand, the skin
conductance measurement is sensitive to changes in sudomotor drive even before sweat
reaches the skin surface (primary sweat), and, thus, this technique may be more
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appropriate to measure very small sudomotor responses (Appendix A). Accordingly, as
it was essential to confirm the magnitude of the sweating inhibition (full or partial
suppression) caused by the cholinergic blockade, and to prevent any secretion due to the
non-thermal stimuli applied following atropine to be undetected, the skin conductance
technique was used to simultaneously evaluate sudomotor responses. Pairs of Ag/AgCl
surface electrodes (1081 FG; Figure 5.2) were positioned at skin sites adjacent to the
ventilated capsules placed at the forehead, right forearm (dorsal surface) and right hand
(dorsal and palmar surfaces). In particular, we were interested in the data from the palm,
as it is usually very responsive to the non-thermal stimulation, such as those used in the
current experiments. An electrolyte of 0.05 M sodium chloride in an inert ointment base
was used as the conductive medium between the electrodes and the skin, and a constant
voltage of 0.5 V was applied across each electrode pair. Data were recorded at 10 Hz
using a skin conductance meter (UFI Bioderm model SC2000/4-SCL Simple Scope Data
Collection System, UFI, Morro Bay, CA, U.S.A.) connected to a computer. Further
details with regard to the skin conductance technique are provided in Appendix A.

5.2.5.3 Body temperatures
Auditory canal temperature was monitored using an ear-moulded plug with a
thermistor protruding 1 cm from the mould (Edale instruments Ltd., Cambridge, U.K.).
This probe was positioned in the ear within the external auditory canal and insulated
using a large piece of cotton wool to minimise the impact of the environmental
temperature. It was previously demonstrated that, under heat stress, this index rapidly
and validly tracks oesophageal temperature (Cotter et al., 1995). Auditory canal
temperature was measured at 5-s intervals using a data logger (1206 Series Squirrel,
Grant Instruments Pty Ltd., Cambridge, U.K.) as the representative body core
temperature.

In addition, temperatures from eight skin sites (forehead, chest, scapula, upper
arm, forearm, dorsal hand, thigh and calf) were also recorded every 5 s (Type EU,
Yellow Springs Instruments Co. Ltd., Yellow Springs, OH, U.S.A.) to continuously
evaluate the thermal state of the subjects throughout the trial (Figure 5.2). Mean skin
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temperature and mean body temperature were derived from these data using the following
equations:

Mean skin temperature = (0.07 · Tforehead) + (0.175 · Tscapula) + (0.175 · Tchest) + (0.07
· Tupper arm) + (0.07 · Tforearm) + (0.05 · Thand) + (0.19 · Tthigh ) + (0.2 · Tcalf )
Equation 5.1
(ISO 9886:1992)

Mean body temperature = 0.8 · Body core temperature + 0.2 · Mean skin temperature
Equation 5.2
(Hardy and DuBois, 1938)

Prior to the experiments, all thermistors were calibrated against a certified
reference thermometer (details: Chapter 4, Section 4.2.4.4).

5.2.5.4 Cardiovascular measurements
Heart rate was monitored continuously throughout the trials (5-s intervals) using
a Polar heart rate monitor (ventricular depolarisation: Model PE3000 and Vantage, Polar
Electro Sport Tester, Finland; Figure 5.2). In addition, systemic blood pressure was
measured (Omron M4, Omron Corporation, Tokyo, Japan) during the preparatory period
and at the completion of the trial when required by the medical doctor in charge of the
clinical aspect of the experiment. These latter data were not part of the experimental
procedures.

5.2.5.5 Thermal sensation and thermal discomfort
In addition to body temperatures and sweat recordings, psychophysical measures
were used to evaluate thermal state at the beginning of the trial (thermoneutral condition).
Accordingly, subjects were asked to describe their general (whole-body) thermal
sensation and discomfort using a 13-point thermal sensation and a 5-point thermal
discomfort scale (modified from Gagge et al., 1967). The former ranged from 1
(unbearably cold) to 13 (unbearably hot), with 7 corresponding to a neutral sensation,
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while, in the latter, votes varied from 1 (comfortable) to 5 (extremely uncomfortable).
After being instructed to consider their whole-body thermal state, participants answered
the following questions: “How does the temperature of your body feel?” (13-point scale),
and “How comfortable do you feel with the temperature of your body?” (5-point scale).

5.2.6 Data analysis
The sweat secretion immediately before each non-thermal stimulus and mean
sweat rate averaged over each stimulus duration were analysed to derive the change in
sweating. The rate of change in sweat flow (sudomotor acceleration: µg.cm-2.min-2) prior
to and during non-thermal stimulation were calculated for each skin site. These data were
determined in the thermoneutral state, during passive heating and following the atropine
blockade. In addition, body temperatures, heart rate and palmar skin conductance data
were similarly analysed, with pre-stimulus, stimulus and change derivations computed
for each of these physiological variables.

To evaluate the dynamics of atropine-induced sweat suppression, three temporalrelated variables were estimated for each skin site. First, the phase delay corresponded
to the period between the start of atropine infusion and the start of the sweat reduction.
Second, simultaneous equations (linear functions) were used to determine the time
required for full suppression of sweating. The time for suppression corresponded to the
intercept between two linear regression curves plotted using sweat data from two distinct
periods: atropine-induced decay and steady-state maximal sweat suppression. Finally, the
sweat suppression time constant was computed using equations 5.3 and 5.4. Equation 5.3
is the differential equation widely used to describe quantities undergoing exponential
decay (Hobbie, 1997; Dym, 2004). This was rearranged (Equation 5.4), with variables
substituted using the current sweat and time-related data to derive the time constant. In
general, the time constant represents the time it takes the system’s step response to reach
approximately 63.2% of its final (asymptotic) value.

N(t) = N0 C Q

-t/J

Equation 5.3
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where:
t = time required to reach the final (asymptotic) value
N(t) = quantity at time t
N0 = initial quantity
Q = 2.71828 (Euler’s number)
J = time constant
t

J = logSR-2/SR-1 (1/Q )

Equation 5.4

where:
J = time constant
SR-1= sweat rate (or skin conductance) at the start of its suppression
SR-2= sweat rate (or skin conductance) following full atropine-induced suppression

Q = 2.71828 (Euler’s number)
t = time required for full sweat suppression

One-way analysis of variance with repeated measures was used to evaluate intercondition differences (thermoneutral, passive heating and atropine) for sweat rate, skin
conductance, body temperatures and heart rate data. In addition, Tukeys HSD post hoc
tests were used to isolate sources of significant differences. Within the same condition,
Student t-tests were used to compare sweat rates and sudomotor accelerations immediately
prior to (pre-stimulus) and during each non-thermal stimulus. Student t-tests were also
used to compare sweat secretion immediately preceding the removal of the core
temperature clamp with that measured at the end of experiment. The inter-site differences
in the phase delay, time constant and the time required for full suppression of sweating
were compared using one-way analyses of variance, followed by Tukeys HSD post hoc
tests to isolate sources of significant differences. For all analyses, alpha was set at the
0.05 level. Data are presented as means with standard errors of the means (±) and
standard deviations (SD).
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5.3 RESULTS
5.3.1 Body temperatures
Auditory canal, mean skin and mean body temperatures averaged 36.59 ±0.08
o

C, 33.74 ±0.11 oC and 36.02 ±0.09 oC (respectively) at the beginning of the

thermoneutral phase of the trial, and did not vary significantly during the non-thermal
(basal) stimulation (P>0.05; Tables 5.2-5.4). In addition, as expected, subjects described
their thermal sensation as neutral (scale rate: 7.0 ±0.3) and regarded their thermal state
as comfortable (scale rate: 1.2 ±0.1) during this phase. Following 26 ±2 min of passive
heating (range: 20-36 min), significant changes in body temperatures were observed
(auditory canal: + 0.46 ±0.06oC; mean skin: + 2.55 ±0.15oC; mean body: + 0.88
±0.06oC; P<0.05), and thermal sweating was evident. From this point onwards, core
temperature was successfully clamped (variations in auditory canal temperature < 0.1oC;
P>0.05) during the second and third applications of the non-thermal stimuli, prior to,
and following atropine delivery (P>0.05; Tables 5.2-5.4). Indeed, we were able to
maintain core temperature stability irrespective of the significant suppression of sweating
that occurred due to the cholinergic blockade (Figures 5.4 and Section 5.3.3.3.1).
Furthermore, during this clamping period, mean skin and mean body temperatures were
also kept relatively constant, with no significant variations in these variables being
observed (P>0.05; Tables 5.2-5.4). At the end of the experiment, the clamp was
removed (Section 5.2.2.2), and further increases in auditory canal (0.66 ±0.07oC;
P<0.05), mean skin (1.42 ±0.25oC; P<0.05) and mean body (0.81 ±0.10oC; P<0.05)
took place. These increments in body temperatures were accompanied by significant
increases in sweat rates (Section 5.3.3.1.1).
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Table 5.2 Core temperature (auditory canal), mean skin temperature, mean body temperature and heart rate prior to (pre-stimulus), and
during the painful stimulus (15 s) applied in the first phase of the experiment (thermoneutral), after the establishment of steady-state thermal
sweating due to passive heat loading, and under systemic cholinergic blockade (atropine with thermal clamp). † = Significantly different
from pre-stimulus (within the same condition). * = Significantly different from thermoneutral condition. # = Significantly different from
thermoneutral and passive heating conditions. Data are means with standard errors of the means (±). Sample size was nine.

Condition

Core temperature

Mean skin temperature

Mean body temperature

Heart rate

(oC)

(oC)

(oC)

(b.min-1)

Pre-stimulus

36.57 ±0.08

33.74 ±0.12

36.00 ±0.09

57 ±3

Stimulus

36.57 ±0.08

33.74 ±0.12

36.00 ±0.09

72 ±4†

Pre-stimulus

37.09 ±0.08*

36.25 ±0.13*

36.92 ±0.08*

74 ±4*

Stimulus

37.09 ±0.08*

36.25 ±0.13*

36.92 ±0.08*

83 ±4†*

Atropine with

Pre-stimulus

37.07 ±0.09*

35.82 ±0.28*

36.82 ±0.12*

118 ±4#

thermal clamp

Stimulus

37.07 ±0.09*

35.84 ±0.28*

36.82 ±0.12*

123 ±4†#

Thermoneutral

Passive heating
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Table 5.3 Core temperature (auditory canal), mean skin temperature, mean body temperature and heart rate prior to (pre-stimulus), and
during mental arithmetic (2 min) applied in the first phase of the experiment (thermoneutral), after the establishment of steady-state thermal
sweating due to passive heat loading, and under systemic cholinergic blockade (atropine with thermal clamp). † = Significantly different
from pre-stimulus (within the same condition). * = Significantly different from thermoneutral condition. # = Significantly different from
thermoneutral and passive heating conditions. Data are means with standard errors of the means (±). Sample size was nine.

Condition

Core temperature

Mean skin temperature

Mean body temperature

Heart rate

(oC)

(oC)

(oC)

(b.min-1)

Pre-stimulus

36.56 ±0.08

33.74 ±0.12

36.00 ±0.09

59 ±3

Stimulus

36.57 ±0.07

33.73 ±0.11

36.00 ±0.08

78 ±4†

Pre-stimulus

37.11 ±0.08*

35.95 ±0.16*

36.88 ±0.08*

74 ±4*

Stimulus

37.09 ±0.07*

35.92 ±0.18*

36.86 ±0.08*

89 ±5†*

Atropine with

Pre-stimulus

37.07 ±0.09*

35.84 ±0.27*

36.83 ±0.12*

118 ±4#

thermal clamp

Stimulus

37.06 ±0.09*

35.84 ±0.28*

36.81 ±0.12*

126 ±4†#

Thermoneutral

Passive heating
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Table 5.4 Core temperature (auditory canal), mean skin temperature, mean body temperature and heart rate prior to (pre-stimulus), and
during the handgrip isometric exercise (2 min) performed in the first phase of the experiment (thermoneutral), after the establishment of
steady-state thermal sweating due to passive heat loading, and under systemic cholinergic blockade (atropine with thermal clamp). † =
Significantly different from pre-stimulus (within the same condition). * = Significantly different from thermoneutral condition. # =
Significantly different from thermoneutral and passive heating conditions. Data are means with standard errors of the means (±). Sample
size was nine.

Condition

Core temperature

Mean skin temperature

Mean body temperature

Heart rate

(oC)

(oC)

(oC)

(b.min-1)

Pre-stimulus

36.53 ±0.07

33.72 ±0.12

35.97 ±0.08

59 ±2

Stimulus

36.53 ±0.07

33.72 ±0.12

35.97 ±0.08

86 ±3†

Pre-stimulus

37.02 ±0.07*

35.84 ±0.18*

36.78 ±0.08*

74 ±4*

Stimulus

37.03 ±0.07*

35.90 ±0.19*

36.80 ±0.08*

109 ±5†*

Atropine with

Pre-stimulus

37.05 ±0.09*

35.85 ±0.28*

36.81 ±0.13*

121 ±4#

thermal clamp

Stimulus

37.04 ±0.10*

35.90 ±0.30*

36.81 ±0.14*

140 ±4†#

Thermoneutral

Passive heating
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Figure 5.4 Auditory canal temperature and heart rate during thermoneutral state (TN;
average of 5 min), and for 5 min prior to, and 15 min following the intravenous
administration of a cholinergic antagonist (atropine: AT). Body core temperature was
clamped for this period. The bar represents the period of atropine infusion. Data are
means with standard errors of the means (±). Sample size was eight.
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5.3.2 Heart rate
Heart rate averaged 58 ±3 b.min-1 at the beginning of the thermoneutral phase of
the trial. Furthermore, significant (transient) increases in heart rate were observed due
to each non-thermal stimulus applied during this phase (P<0.05; Tables 5.2-5.4). Heart
rate was then significantly increased due to passive heat loading, and at the start of the
core temperature clamp (26 ±2 min of passive heating; Section 5.2.2.2), it was 76 ±4
b.min-1. Again, following the application of three non-thermal stimuli (painful
stimulation, cognitive task and isometric exercise), but now in passively heated subjects,
significant (transient) changes in heart rate were observed (P<0.05; Tables 5.2-5.4).
After approximately 65 min of passive heating (~5 min prior to atropine delivery), heart
rate averaged 82 ±6 b.min-1.

Systemically administered cholinergic antagonist immediately increased heart rate
by 40 ±4 b.min-1 (P<0.05; Figure 5.4). Atropine-induced increases in heart rate of
similar magnitude have been reported in the literature (Craig, 1952; Cullumbine et al.,
1955; Grainger and Smith, 1983; Sawka et al., 1984), and demonstrates removal of
parasympathetic action on the resting heart rate. In addition, as an indication of the
blockade effectiveness, heart rate remained increased throughout the experiment, and, at
the trial completion (51 ±3 min after atropine injection), it was 123 ±3 b.min-1. Finally,
despite being of smaller magnitude, significant changes in heart rate also occurred during
the non-thermal stimulation of atropinised individuals (P<0.05; Tables 5.2-5.4).

5.3.3 Sudomotor responses
5.3.3.1 Sweat rates
5.3.3.1.1 Thermally induced sweating
From the thermoneutral condition, during which only transcutaneous water loss
(insensible perspiration) occurs, thermal steady-state sweating was induced due to passive
heating, with secretion rates prior to the application of non-thermal stimuli averaging
1.40 ±0.14 mg.cm-2.min-1 at the forehead, 0.33 ±0.05 mg.cm-2.min-1 at the forearm,
0.74 ±0.08 mg.cm-2.min-1 at the dorsal hand, 0.61 ±0.12 mg.cm-2.min-1 at the palm, and
0.78 ±0.18 mg.cm-2.min-1 at the calf. Sweat rates from all skin sites were significantly
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increased from baseline (thermoneutral; P<0.05), except that at the palm (P>0.05). The
fact that the variations in palmar secretion did not reach statistical significance at this
stage of the trial (~34 min following the beginning of passive heating) was expected
under the current low-to-moderate thermal load. However, 5 min prior to the atropine
injection (~63 min after the start of passive heating), sweating at this site (1.16 ±0.21
mg.cm-2.min-1) also became significantly greater than that observed in the thermoneutral
state (0.41 ±0.04 mg.cm-2.min-1; P<0.05).

The cholinergic blockade completely inhibited thermal sweating from all skin
surfaces investigated (P<0.05; Figure 5.5). Indeed, sweat rates rapidly started to
decrease following the administration of atropine, and returned to baseline values
(thermoneutral condition) in approximately five minutes after the injection (average of
all sites: 4.9 ±0.2 min). To provide a more detailed description of the dynamics of the
atropine action on sweating, the period between the start of its infusion and the start of
the sweat decrease (phase delay), the time at which ~63.2% reduction in secretion rate
took place (time constant), and the time required for full suppression of sweat were
computed for each skin site (Table 5.5). Whilst variations in the phase delay existed
among the skin sites, these were not statistically significant (P>0.05), and averaged 1.0
±0.1 min for all sites. Non-significant inter-site variations were also observed for the
sweat suppression time constant (P>0.05), and this averaged 2.4 ±0.1 min (all sites
together). However, it took longer for full sweat suppression to become evident at the
forehead (7.8 min) than at each of the other skin sites (range: 3.7 (palm) to 5.1 min
(calf); P<0.05, Table 5.5). From these data, it is evident that atropine indeed inhibits
discharged sweat completely, and when it is systemically delivered, the sweat suppression
(temporal) dynamics are very similar across all regions, including both glabrous and nonglabrous (hairy) surfaces.
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Figure 5.5 Sweat rates from the forehead (5.5A), forearm (5.5B), dorsal hand (5.5C),
palm (5.5D) and calf (5.5E), and skin conductance from the palm (5.5F) during
thermoneutral state (TN; average of 5 min), and for 5 min prior to, and 15-20 min
following the intravenous administration of a cholinergic antagonist (atropine: AT). Body
core temperature was clamped for this period. The bar represents the period of atropine
infusion. Skin conductance data were normalised to basal values. That is, the averaged
palmar conductance during the thermoneutral phase was subtracted from subsequent data.
Data are means with standard errors of the means (±). Sample size was eight, except for
the forehead (6) and forearm (6).
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Table 5.5 Regional variations in the temporal dynamics of atropine-induced inhibition
of sweating (sweat rates and skin conductance), described by 3 variables: the period
between the start of atropine infusion and the start of sweat reduction (phase delay), the
time required for 63% (time constant) and full suppression of sweating to occur. Start of
the atropine infusion = 0 min. † Significantly lower than the time recorded for the
forehead. * Significantly higher than times recorded when using the ventilated capsule
method to measure sweat rates from all skin sites. Data are means with standard errors
of the means (±). Sample size was eight, except for forehead (6) and forearm (6).

Phase delay

Time constant

Full suppression

(min)

(min)

(min)

Forehead (N=6)

0.8 ±0.2

2.6 ±0.5

7.8 ±1.0

Forearm (N=6)

0.9 ±0.2

2.1 ±0.3

3.9 ±0.1†

Dorsal hand

1.2 ±0.2

2.7 ±0.2

4.4 ±0.2†

Palm

0.9 ±0.2

2.1 ±0.1

3.7 ±0.3†

Calf

1.0 ±0.1

2.4 ±0.2

5.1 ±0.6†

All sites (mean)

1.0 ±0.1

2.4 ±0.1

4.9 ±0.2

Palmar skin conductance

0.9 ±0.2

7.5 ±1.1*

14.7 ±0.6*

Skin site
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At the end of the experiment, as the core temperature clamp was removed (Section
5.2.2.2), thermal sweating was re-established, even though the subjects were still under
the influence of the cholinergic blockade. This means that blockade break through has
occurred, with the rising thermal load increasing acetylcholine release and increasing its
potential to re-activate sweat glands. In Figure 5.6, sweat rates from all skin surfaces
immediately prior to, and ~25 min after the removal of the clamp are illustrated.
Significant increases in sweating were observed at the forehead, forearm, dorsal hand and
calf (P<0.05), but the variations in secretion from the palm did not reach statistical
significance (P>0.05).

5.3.3.1.2 Non-thermally mediated sweating
Increased sudomotor responses to painful, mental and static exercise stimuli were
observed only at the palm in the thermoneutral state (P<0.05), while variations in
sweating from the other skin sites were not significant (P>0.05). Nevertheless, following
passive heating, sweat rates from all surfaces significantly increased due to the nonthermal stimuli (P<0.05), except that from the calf during the painful stimulation and
the cognitive task (P>0.05). This more generalised non-thermal sweating response in
heated individuals confirms our previous observations (Chapter 3).

Following atropine administration, sweating was not evident at any skin site, and
none of the stimuli applied induced significant secretion responses (P>0.05). Figures
5.7-5.9 illustrates the sudomotor responses from all skin sites investigated during the
three non-thermal stimuli used in the current experiments. In addition, in Tables 5.6-5.8,
baseline (pre-stimulus) and mean sweat rates during painful stimulation, mental arithmetic
and handgrip exercise are presented for the thermoneutral, passive heating and atropine
(with isothermal clamping) conditions, including the statistical comparisons performed
for these data.

257

Figure 5.6 Sweat rates from the forehead, dorsal hand, palm, forearm and calf. Data are
from the last phase of the trial, during which the core temperature clamp was removed
(5.6A). The arrow indicates the approximate time at which this clamp was withdrawn.
In addition, secretion rates averaged immediately before the removal of the body core
temperature clamp, and at the completion of the trial (~25 min after clamp removal) are
illustrated (5.6B). * = Significantly different from sweat rate prior to the removal of the
core temperature clamp. Data are means with standard errors of the means (±). Sample
size was nine, except for the forehead (7).
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Figure 5.7 Sweat rates from the forehead (5.7A), forearm (5.7B), dorsal hand (5.7C),
palm (5.7D) and calf (5.7E) prior to, and following painful stimulation (15 s) applied in
thermoneutral state and during passive heat loading, prior to, and following the
establishment of a cholinergic blockade (atropine with thermal clamp). The bar represents
the period of application of the non-thermal stimulus. Data are means with standard
errors of the means (±). Sample size was nine, except for the forehead (7).
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Figure 5.8 Sweat rates from the forehead (5.8A), forearm (5.8B), dorsal hand (5.8C),
palm (5.8D) and calf (5.8E) prior to, and following a cognitive task (mental arithmetic;
2 min) performed in thermoneutral state and during passive heat loading, prior to, and
following the establishment of a cholinergic blockade (atropine with thermal clamp). The
bar represents the period of application of the non-thermal stimulus. Data are means with
standard errors of the means (±). Sample size was nine, except for the forehead (7).
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Figure 5.9 Sweat rates from the forehead (5.9A), forearm (5.9B), dorsal hand (5.9C),
palm (5.9D) and calf (5.9E) prior to, and following handgrip isometric exercise (2 min
at 30% of maximal voluntary contraction) performed in thermoneutral state and during
passive heat loading, prior to, and following the establishment of a cholinergic blockade
(atropine with thermal clamp). The bar represents the period of application of the nonthermal stimulus. Data are means with standard errors of the means (±). Sample size was
nine, except for the forehead (7).
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Table 5.6 Sweat rates and sudomotor acceleration prior to (pre-stimulus) and during the painful stimulus (15 s) applied in the first phase
of the experiment (thermoneutral), after the establishment of steady-state thermal sweating due to passive heat loading, and under systemic
cholinergic blockade (atropine with thermal clamp).† = Significantly different from pre-stimulus (within the same condition). * =
Significantly different from thermoneutral and atropine conditions. # = Significantly different from atropine condition. Data are means with
standard errors of the means (±). Sample size was nine, except for the forehead (7).

Variable

Condition

Forehead

Forearm

Dorsal hand

Palm

Calf

Pre-stimulus

0.07 ±0.01

0.04 ±0.01

0.07 ±0.01

0.41 ±0.04

0.01 ±0.02

Stimulus

0.07 ±0.01

0.04 ±0.01

0.07 ±0.01

0.78 ±0.13†#

0.01 ±0.02

Pre-stimulus

1.40 ±0.14*

0.33 ±0.05*

0.74 ±0.08*

0.61 ±0.12

0.78 ±0.18*

Stimulus

1.48 ±0.13†*

0.39 ±0.04†*

0.85 ±0.07†*

1.18 ±0.25†#

0.84 ±0.18*

Atropine with

Pre-stimulus

0.08 ±0.02

0.02 ±0.01

0.07 ±0.02

0.39 ±0.04

0.03 ±0.02

thermal clamp

Stimulus

0.08 ±0.02

0.02 ±0.01

0.07 ±0.02

0.39 ±0.04

0.04 0.02

Pre-stimulus

-3.3 ±3.0

-2.1 ±1.9

-2.0 ±1.9

-14.5 ±8.3

-2.7 ±7.7

Stimulus

11.0 ±3.3

-1.0 ±5.4

3.2 ±4.7

2941.2 ±957.1†#

-18.9 ±13.9

Pre-stimulus

28.3 ±58.6

-16.0 ±51.5

-32.9 ±68.9

-101.6 ±61.3

-13.4 ±39.0

Stimulus

524.1 ±107.7†*

417.0 ±76.7†*

805.4 ±133.5†*

4293.5 ±1357.2†#

356.1 ±65.9†*

Atropine with

Pre-stimulus

1.3 ±2.5

0.3 ±1.8

0.2 ±2.9

-1.0 ±4.5

-9.5 ±7.3

thermal clamp

Stimulus

10.7 ±4.7

4.2 ±3.5

7.9 ±3.7

9.8 ±10.0

37.6 ±51.1

Thermoneutral
Sweat rate
(mg.cm-2.min-1)

Passive heating

Thermoneutral
Sudomotor
acceleration
(µg.cm-2.min-2)

Passive heating
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Table 5.7 Sweat rates and sudomotor acceleration prior to (pre-stimulus) and during mental arithmetic (2 min) applied in the first phase of
the experiment (thermoneutral), after the establishment of steady-state thermal sweating due to passive heat loading, and under systemic
cholinergic blockade (atropine with thermal clamp).† = Significantly different from pre-stimulus (within the same condition). * =
Significantly different from thermoneutral and atropine conditions. # = Significantly different from atropine condition. Data are means with
standard errors of the means (±). Sample size was nine, except for the forehead (7).

Variable

Condition

Forehead

Forearm

Dorsal hand

Palm

Calf

Pre-stimulus

0.06 ±0.01

0.03 ±0.01

0.06 ±0.01

0.46 ±0.06

0.01 ±0.02

Stimulus

0.08 ±0.02

0.03 ±0.01

0.09 ±0.04

1.21 ±0.19†#

0.02 ±0.02

Pre-stimulus

1.16 ±0.17*

0.25 ±0.04*

0.57 ±0.07*

0.57 ±0.10

0.75 ±0.16*

Stimulus

1.48 ±0.14†*

0.38 ±0.05†*

0.90 ±0.09†*

1.04 ±0.17†#

0.82 ±0.16*

Atropine with

Pre-stimulus

0.08 ±0.02

0.02 ±0.01

0.07 ±0.02

0.39 ±0.04

0.03 ±0.02

thermal clamp

Stimulus

0.08 ±0.02

0.02 ±0.01

0.07 ±0.02

0.38 ±0.04

0.03 ±0.02

Pre-stimulus

0.4 ±0.6

2.5 ±1.5

1.5 ±1.5

-19.6 ±40.8

1.5 ±7.4

Stimulus

30.7 ±23.9

2.9 ±1.1

75.2 ±73.4

969.7 ±277.1†#

2.3 ±3.3

Pre-stimulus

-49.4 ±54.3

7.0 ±20.7

14.2 ±39.9

14.7 ±51.0

-25.9 ±38.7

Stimulus

363.5 ±80.8†*

145.9 ±51.6†*

364.0 ±117.2†*

411.5 ±136.4†#

119.3 ±33.9†*

Atropine with

Pre-stimulus

-2.2 ±2.6

-1.6 ±2.4

-1.6 ±3.0

-3.9 ±5.7

-5.3 ±5.9

thermal clamp

Stimulus

-3.5 ±1.9

-2.4 ±1.6

-3.4 ±2.2

-15.0 ±5.9

-3.9 ±7.8

Thermoneutral
Sweat rate
(mg.cm-2.min-1)

Passive heating

Thermoneutral
Sudomotor
acceleration
(µg.cm-2.min-2)

Passive heating
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Table 5.8 Sweat rates and sudomotor acceleration prior to (pre-stimulus) and during the handgrip isometric exercise (2 min) performed in
the first phase of the experiment (thermoneutral), after the establishment of steady-state thermal sweating due to passive heat loading, and
under systemic cholinergic blockade (atropine with thermal clamp).† = Significantly different from pre-stimulus (within the same condition).
* = Significantly different from thermoneutral and atropine conditions. # = Significantly different from atropine condition. Data are means
with standard errors of the means (±). Sample size was nine, except for the forehead (7).

Variable

Condition

Forehead

Forearm

Dorsal hand

Palm

Calf

Pre-stimulus

0.06 ±0.02

0.03 ±0.01

0.06 ±0.01

0.47 ±0.03

0.00 ±0.02

Stimulus

0.07 ±0.01

0.03 ±0.01

0.06 ±0.01

0.95 ±0.09†#

0.01 ±0.02

Pre-stimulus

0.83 ±0.17*

0.20 ±0.06*

0.46 ±0.11*

0.62 ±0.11

0.63 ±0.14*

Stimulus

1.33 ±0.16†*

0.39 ±0.09†*

0.88 ±0.13†*

1.29 ±0.25†#

0.80 ±0.17†*

Atropine with

Pre-stimulus

0.08 ±0.02

0.02 ±0.02

0.06 ±0.02

0.38 ±0.04

0.03 ±0.02

thermal clamp

Stimulus

0.08 ±0.02

0.02 ±0.02

0.07 ±0.02

0.38 ±0.04

0.02 ±0.02

Pre-stimulus

2.2 ±1.7

2.3 ±2.2

2.4 ±1.7

24.0 ±16.0

0.5 ±9.6

Stimulus

2.1 ±2.1

1.1 ±1.9

-0.1 ±1.9

227.6 ±96.6†#

-4.3 ±7.4

Pre-stimulus

45.2 ±47.9

29.0 ±27.8

59.5 ±54.5

15.3 ±25.4

22.9 ±32.9

Stimulus

454.9 ±111.8†*

131.9 ±51.5†*

332.0 ±104.4†*

264.4 ±143.8†#

129.6 ±28.8†*

Atropine with

Pre-stimulus

-0.3 ±0.9

1.9 ±1.0

2.1 ±1.5

7.5 ±3.2

-8.2 ±4.8

thermal clamp

Stimulus

0.1 ±2.2

-0.8 ±2.1

-2.1 ±2.6

-7.0 ±5.2

-4.4 ±8.3

Thermoneutral
Sweat rate
(mg.cm-2.min-1)

Sudomotor

Passive heating

Thermoneutral

acceleration
-2

-2

(µg.cm .min )

Passive heating
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From these data, the magnitude of the sudomotor responses was computed for
each skin site during each non-thermal stimulus, with changes in sweating (delta) derived
from the difference between the sweat rate immediately preceding the stimulus (pain,
mental arithmetic or handgrip exercise) and the averaged secretion rate over that
duration. These changes varied from 0.00 ±0.00 mg.cm-2.min-1 (forehead; pain stimulus)
to 0.75 ±0.15 mg.cm-2.min-1 (palm; mental arithmetic) in the thermoneutral state, from
0.06 ±0.01 mg.cm-2.min-1 (calf; painful stimulus) to 0.66 ±0.22 mg.cm-2.min-1 (palm;
handgrip exercise) during passive heating (hot condition), and from 0.00 ±0.00 mg.cm2

.min-1 (calf; handgrip exercise) to 0.01 ±0.01 mg.cm-2.min-1 (calf; painful sensation)

following the establishment of the atropine blockade (Figure 5.10). Analysis indicated
that, during all three stimuli used, changes in sweat rates from the forehead, forearm and
dorsal hand were significantly greater in the passively heated condition than that observed
in the thermoneutral state and following the atropine blockade (P<0.05). Similar results
were also observed at the calf, except during cognitive stimulation (P=0.06).
Nevertheless, changes in palmar sweat secretion due to the non-thermal stimuli were not
different between the thermoneutral and heated conditions (P>0.05), but these were
significantly greater than the variations observed in atropinised subjects (P<0.05).
Indeed, when atropinised, none of the local sweat rates differed significantly from the
basal (thermoneutral) state. This shows that the blockade fully suppressed eccrine
sweating and that the non-thermal stimulations did not re-established secretion at any skin
site. Therefore, we rejected our working hypothesis two (Section 5.1.3), in which it was
anticipated that atropine would only partially inhibit non-thermally mediated sudomotor
responses.

Furthermore, to evaluate the rate at which sweat rates increased following the
non-thermal stimulation, sudomotor acceleration from each skin site was computed
immediately before and during each stimulus (Tables 5.6-5.8). As reported in previous
experiments (Chapter 3), non-zero accelerations were evident under basal (pre-stimulus)
conditions. Indeed, these are physiologically realistic, since central thermoafferent drive
is pulsatile and the sweat capsules enclose many sweat glands. Furthermore, as long as
increments in mean body temperature do not take place during painful, mental and
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Figure 5.10 Changes in sweat rates from the forehead, forearm, dorsal hand, palm and
calf, and change in skin conductance (SC) from the palm due to the painful stimulus
(5.10A), mental arithmetic (5.10B) and static exercise (5.10C). These non-thermal stimuli
for sweating were applied in thermoneutral state, and during passive heat loading, prior
to, and following the establishment of a cholinergic blockade (atropine with thermal
clamp). * = Significantly different from thermoneutral and atropine conditions. # =
Significantly different from atropine condition. Data are means with standard errors of
the means (±). Sample size was nine, except for the forehead (7) and palmar skin
conductance (8).
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exercise stimuli, significant elevations in sudomotor acceleration should reflect
non-thermal drive. In the present experiments, increases in acceleration were observed
at all skin sites during non-thermal stimulation (painful stimulus, mental arithmetic and
handgrip exercise) in the heated condition, but only from the palm in the thermoneutral
state (P<0.05). Following suppression of sweat by atropine, no significant changes in
sudomotor acceleration were observed during any form of stimulation (P>0.05).

5.3.3.2 Skin conductance
The skin conductance technique was used due to its sensitivity, allowing the
detection of very small changes in glandular activity (primary sweat production). In
particular, we needed to be sure that no sudomotor response would remain undetected.
We also wanted to evaluate the magnitude of the impact of the cholinergic blockade on
sweating (partial or full suppression). Accordingly, we considered it critical to investigate
skin conductance from the palm, as the glabrous surface of the hand is the most
responsive site under non-thermal stimulation. Indeed, the palmar skin conductance data
were essential to confirm the full suppression of sweating following atropine
administration, which was evident from data obtained using the ventilated capsule
technique (Figure 5.5).

Skin conductance at the palm significantly increased during passive heat loading,
with changes in conductance (from thermoneutral) 5 min prior to atropine administration
averaging 5.9 ±0.7 µS (P<0.05; Figure 5.5F). This started to reduce 54 ±11 s after
starting the infusion, and returned fully to baseline (thermoneutral) values approximately
15 min following atropine delivery (Figure 5.5F). It is important to note that palmar
conductance peaked moments before atropine administration. This was clearly a result
of the psychological stress that accompanied the subject’s anticipation of the injection.
This was taken into account during data analysis, and thus, the phase delay was computed
considering the steady-state palmar conductance (i.e. ~2-5 min preceding the injection).
The phase delay, sweat suppression time constant and the period required for full
suppression of palmar skin conductance are presented in Table 5.5. Interestingly, it took
longer for the action of the cholinergic agent on sweating to be detected using the skin
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conductance technique when compared with the ventilated capsule method (P<0.05,
except for the phase delay: P>0.05). This probably occurred due to a transient moisture
accumulation under the electrodes, since these are not ventilated (as the sweat capsules).
However, a complete inhibition of sweating was evident using either technique (Figure
5.5).

Furthermore, from the palmar skin conductance data, it was confirmed that sweat
gland activity was significantly increased due to the painful, mental, and static exercise
stimuli in both the thermoneutral and passive heating conditions (P<0.05). However, no
significant change in skin conductance was apparent during non-thermal stimulation in
atropinised individuals (Figure 5.10).

In addition to the palm site, skin conductance was also recorded at skin surfaces
next to ventilated sweat capsules positioned at the forehead, forearm and dorsal hand.
Unfortunately, due to a more profuse sweat secretion observed at these skin sites
following 35-70 min of passive heat loading, the moisture accumulated under the skin
conductance electrodes caused saturation of these measurements, which precluded the
utilisation of data from these sites.

5.3.4 Reported side effects
As expected, based on the literature (Cullumbine et al., 1955; Lonnerholm and
Widerlov, 1975) and on our pilot trials, atropine infusion elicited various side effects. All
subjects experienced a significant drying of the mouth and skin (suppressed saliva flow
and sweat secretion), tachycardia (increased heart rate), difficulty in talking and
swallowing (due to the dry mouth), and dilated pupils. This last effect resulted in
increased sensitivity to light and blurred vision. These responses were evident within a
few minutes after the administration of atropine, and lasted throughout the entire trial.
Furthermore, seven individuals felt somewhat lethargic. In contrast, the other two
subjects became relatively restless. Other symptoms reported by the subjects during the
experiment were headache (N=2) and lightheadedness (N=2), both at a low to moderate
level.
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At the completion of the trial, the subjects were instructed to slowly move from
the supine position to sitting and then to standing, as they had been supine for 3.5-4 h
(preparation + trial), during which their legs were immersed in heated water for
approximately 2 h. Even though these changing-posture procedures were carefully
executed, most subjects experienced mild and transient dizziness and muscle weakness.
Some also reported co-ordination impairments.

5.4 DISCUSSION
In the present study, the neural control of human eccrine sweating was revisited,
with the central focus upon the neurotransmission during thermally and non-thermally
induced sudomotor responses. In particular, evidence was sought whether or not neural
pathways other than the proven cholinergic innervation (acetylcholine) might participate
in the modulation of sweating induced by thermal (passive heating), psychological
(painful sensation and mental arithmetic) and exercise stimuli (isometric handgrip).
Accordingly, this experiment was designed to test the hypothesis that residual (noncholinergic) sweating would take place following the establishment of a systemic
cholinergic blockade (atropine). Sudomotor responses from glabrous and non-glabrous
skin surfaces were evaluated in the thermoneutral state, and also during passive heating,
in isothermally clamped individuals prior to, and following atropine administration. Full
suppression of both thermal and non-thermal sweating by the cholinergic antagonist was
observed at all skin sites. Therefore, whilst the central wiring involved in these
sudomotor responses may be different, the current data clearly demonstrate that sweat
secretion during these stimuli was exclusively cholinergically mediated. This does not
support the hypothesis that adrenergic pathways drive sweat responses during either
mental stress (Robertshaw, 1977) or exercise (Mack et al., 1986). Ultimately, whilst
sweat glands indeed respond with increased secretion when adrenergically stimulated in
vitro (isolated gland; Sato and Sato, 1981) and in vivo (local stimulation; Maple et al.,
1982), the current results challenge the existence and functional relevance of a
noradrenergic, sudomotor pathway.
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5.4.1 Atropine-induced suppression of thermal sweating
The first main observation from this investigation was the full suppression of
thermally induced sweating by atropine (Figure 5.5). This is in agreement with most
previous blockade experiments in which a cholinergic antagonist was used (Chalmers and
Keele, 1951, 1952; Foster and Weiner, 1970). Uniquely, we have now confirmed the
complete absence of sweating at both glabrous and non-glabrous skin sites, in
isothermally clamped subjects, using very sensitive techniques to measure sweat
secretion. In addition, a detailed spatial and temporal description of the action of atropine
is provided (Figure 5.5 and Table 5.5). From these data, it is evident that systemically
administered atropine affected sweating within the first minute following the beginning
of its infusion, and full inhibition of sweat rates took place in about 5 min, with nonsignificant regional variations observed between the skin surfaces investigated, except for
the forehead, at which the complete suppression of sweat was delayed (P<0.05). This
probably occurred due to a more profuse sweat secretion from this site prior to atropine
infusion, which is consistent with previous observations by Cummings and Craig (1967)
that the greater the initial sweat rate, the larger the atropine dose required to produce
50% of its inhibitory action. However, neither the phase delay nor the sweat suppression
time constant was different at the forehead (Table 5.5), indicating that the action of
atropine at this site was as rapid as that observed at the other skin surfaces.

Indeed, the rapidity of this action was remarkable, given that the infusion was
delivered intravenously at the hand, and had circulate to sites throughout the body,
diffuse from the periglandular capillary and through the interstitial fluid before it could
block receptors on the sweat gland. This was facilitated by an almost immediate cardiac
acceleration (Figure 5.4) and presumably by the rapid reduction in peripheral
vasoconstriction tone to support pressure regulation. Similar to the present observations,
Craig and Cummings (1965; N=3) had also observed a relatively rapid action of atropine
on whole-body sweating by continuously recording mass changes. In their experiment,
it took 2-4 min for 0.5-2 mg of atropine to maximally inhibit sweat secretion. On the
other hand, Webb et al. (1957; N=4) only observed complete suppression of sweating
10-20 min following atropine administration (5-9 mg, intravenous). Three methods were
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employed to evaluate sweating in that study (iodine starch paper, direct observation of
the skin through a layer of transparent grease, and constant examination of the slope of
the weight loss curve), but information with regard to between-technique differences in
the time required for full suppression of sweat was not provided .

In the present experiments, significant temporal differences were observed for the
action of the cholinergic agent upon the palmar skin conductance when this was compared
with the impact upon sweat rates (ventilated capsules) from all skin sites, including the
palm (Figure 5.5 and Table 5.5). This may indicate that, in fact, it takes longer for full
sweat suppression to occur than it was observed using the capsule method, as the skin
conductance technique is more sensitive than the ventilated capsules, allowing the
detection of very low sweat secretion which is not seen when using the ventilated capsule
method (Appendix A). However, instead of reflecting undetected secretion, the longer
period (15 min) required for full sweat suppression when this was evaluated using the
skin conductance measurement may represent a technique artefact, as moisture was
rapidly removed from the skin when the ventilated capsule method was used, but it may
have transiently accumulated underneath the conductance electrodes. Thus, the technique
employed, the skin site investigated and the initial amount of sweating are likely to
influence the time required for the observation of the effect of a cholinergic blockade
upon sweating. In general, it can be expected that a relatively rapid sweat suppression
will eventuate, being evident within seconds, and with maximal inhibition occurring in
less than fifteen minutes. Notwithstanding the observation of these temporal differences
(both in the literature and in the current study), there is no doubt that, in the present
trials, atropine completely inhibited thermal sweat secretion from all surfaces measured
by two very sensitive techniques, confirming, therefore, our working hypotheses number
one (Section 5.1.3): that thermally induced eccrine sweating would be extinguished
following a systemic cholinergic blockade.

In contrast, residual sweat secretion was reported following the establishment of
a cholinergic blockade in several investigations. For instance, Craig (1952; N=3)
observed partial sweat suppression (48% or lower) in atropinised individuals (2 mg,
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intramuscular) exercising in the heat (walking speed: 4.8 km.h-1; environmental
conditions: 30oC and 80% relative humidity). Similar incomplete sweat inhibition was
reported by Gibinski et al. (1973), after atropine injections (0.1-1 mg), locally applied
in subjects exposed to passive heating (45oC dry bulb and 38oC wet bulb), caused sweat
reductions up to only 50%. One could question whether the method employed for the
drug’s administration in this study, iontophoresis, was the main factor accounting for the
partial (weak) suppression, as it is possible that only a small amount of atropine (from the
already relatively low doses used) reached the sweat glands. However, systemic atropine
(2.4 mg, intravenous) also failed to fully extinguish sweat secretion throughout a strong
and prolonged thermal load at rest (37oC; 2 h), with substantial (but transient) sweat
inhibition taking place only in the first 10-30 min following atropine administration
(Allen et al., 1972; N=4). In addition, similar partial and transient suppression of
passively induced thermal sweating (35-52oC) was observed after doses up to 2 mg of
atropine (Cummings and Craig, 1967). In this study, strong and positive correlations
existed between increases in body temperature and sweat rate even when the individuals
were under the influence of atropine. Finally, during dynamic exercise, both in the
thermoneutral and hot conditions, inhibition of sweating provoked by either atropine or
hyoscine was also incomplete, with reductions in secretion ranging between 39 and 70%
(Goldsmith et al., 1967; Sawka et al., 1984; Kolka et al., 1986, 1989).

Taken together, results from these experiments may imply that a non-cholinergic
pathway could perhaps account for the residual secretion observed following either
atropine or hyoscine blockade. However, a closer examination of data from these studies
reveals that in none of them was the thermal drive for sweating (i.e. body temperature)
clamped. Therefore, it is more likely that increments in body (core) temperature, without
an accompanying increase in the (blockade) dosage, caused residual sweating to take
place. This is consistent with the theory of a surmountable antagonism between atropine
and endogenous acetylcholine at the sweat gland receptors. Thus, there is a dosedependent impact of atropine upon sweating (Cummings and Craig, 1967; Gibinski et al,
1973). This apparent dose-response pattern for the atropine-induced sweat suppression
can be explained by the competitive nature of this blockade, and, indeed, such response
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pattern has already been demonstrated for effects of atropine on heart rate and saliva flow
(Lonnerholm and Widerlov, 1975; Wellstein and Ptischner, 1988).

In addition, the hypothesis that increments in body temperature induced residual
sweating in atropinised subjects in earlier experiments by acetylcholine breaking through
the blockade, is supported by the proportional and inverse relationship reported for
cholinergic (atropine) suppression and the rate of nerve stimulation (Foster and Weiner,
1970), and by the proportionally increased acetylcholine sensitivity threshold following
the application of greater atropine doses (Chalmers and Keele, 1952; Figure 5.11).
Furthermore, the current data also support the idea that increased body temperature
accounted for increased sweat secretion following removal of the isothermal clamp
(Figure 5.6A). Indeed, when core temperature was not clamped during pilot trials
(Appendix B), this rose almost immediately following atropine administration, as this
blockade significantly suppressed evaporative cooling. These increments in body
temperature were accompanied by re-establishment of sweating. Therefore, the
maintenance of a constant thermal drive (body temperature) appears to be essential for
investigating the nature of sweat secretion following a cholinergic (atropine) blockade.
In the current experiments, in addition to confirming the significant inhibitory impact of
atropine upon thermal sweating, we evaluated non-thermally mediated sudomotor
responses from atropinised, isothermally clamped individuals.

5.4.2 Atropine-induced suppression of non-thermal sweating
In addition to the passive heat loading, three non-thermal stimuli were used to
induce sweat secretion. Indeed, each of these stimuli is already known to induce eccrine
sweating (Chalmers and Keele, 1951; Kennard, 1963; Wolf and Maibach, 1974;
Kobayashi et al., 2003; Machado-Moreira and Taylor, 2011a,b), although with
significant regional variations and probably different neural pathways (at least centrally)
driving sudomotor responses to each stimulus (Kuno, 1956). On the one hand, the
thermal modulation of sweating is generally well established, and it includes negative
feedback from central and peripheral thermoreceptors, which are integrated in the
hypothalamus prior to activation of the eccrine glands via postganglionic cholinergic
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unmyelinated type-C fibres (Sato et al., 1989). On the other hand, the control of nonthermally mediated sweating is less clear, but it includes feedback from metabo- and
mechanoreceptors during exercise (Kondo et al., 1997, 1999) and probably from
nociceptors during painful sensation. Furthermore, supra-medullary inputs are also
regarded to drive non-thermal sweating during mental arithmetic (cognitive functions),
exercise (central command: feedforward) and painful sensation (changes in emotional
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Figure 5.11 Relationship between atropine-induced sweat suppression (% inhibition) and
the frequency of stimulation of the plantar nerve (cat: 5.11A), and between the sweat
gland sensitivity to acetylcholine (lowest concentration required to induce sweating
(threshold)) and the dose of atropine systemically administered (5.11B). Graphs were
redrawn using data from Foster and Weiner (1970; 5.11A), and from Chalmers and Keele
(1952; 5.11B).
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state; see Chapter 1). Nonetheless, the exact central circuitry and efferent pathways
involved in these non-thermally mediated sudomotor responses are not yet totally clear.
Furthermore, the neuropharmacological modulation of these responses has not yet been
unequivocally determined, and the possibility exists for a noradrenergic drive during
psychological stimulation and exercise. Indeed, many authors have suggested this
possibility (Robertshaw et al., 1973; Robertshaw, 1977; Mack et al., 1986; Shields et
al., 1987; Nakazato et al., 2004). Therefore, in the present research, we considered it
essential to re-evaluate the impact of a cholinergic blockade upon sweating responses to
painful sensation and mental arithmetic, and also to investigate (for the first time) its
influence upon secretion during static exercise.

Prior to the establishment of the atropine blockade, sudomotor responses to nonthermal stimuli were recorded in both thermoneutral and hot conditions. From these
(control) data, the impact of each stimulus on sweating was confirmed, with increased
secretion observed from the palm in the thermoneutral state, and from all skin sites when
passive heating preceded the non-thermal stimulation (Figures 5.7-5.9, and Tables 5.65.8). Indeed, as we have already observed in previous experiments (Chapter 3), in
contrast to that which is generally accepted (Ogawa, 1975; Ogawa et al., 1977; Iwase et
al., 1997), non-thermally mediated sweating is definitely not restricted to glabrous skin,
particularly when thermal sweating is established prior to the application of the nonthermal stimulus. It is important to emphasise that the absence of significantly increased
sweat responses from the dorsal hand, forearm and calf in the thermoneutral state (Tables
5.6-5.8 and Figure 5.9) does not necessarily mean that non-thermal sweating is confined
to the glabrous skin in that condition. Instead, this observation is more likely to be related
to the sites investigated (dorsal hand, forearm and calf), as we previously observed
increased sweating from the non-glabrous, dorsal surfaces of the foot and fingers during
a cognitive task in the thermoneutral state (Chapter 3). In addition, facilitation of nonthermally mediated sudomotor responses was evident when the stimulus was applied
following the establishment of thermal sweating. Therefore, the current data support the
original suggestion by Kuno (1956) that, when close to or above the thermal sweating
threshold, non-thermally induced secretion is a generalised phenomenon.
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On the other hand, the present results do not corroborate Kuno’s (1956)
proposition that reciprocal inhibition exists between thermal and non-thermal sweating.
This idea is generally accepted within the literature (Ogawa, 1975; Ogawa et al., 1977;
Iwase et al., 1997), although it still lacks empirical support. In the present trials, reduced
sweating responses were indeed apparent during mental arithmetic at one skin site (palm)
in passively heated subjects. However, these did not reach statistical significance and, in
addition, this phenomenon was not evident at any other skin site during any of the three
non-thermal stimuli (Figure 5.10). Furthermore, thermal sweating was not suppressed at
any skin site by non-thermal stimulation (Figures 5.7-5.9), which is also in contrast with
the widely regarded reciprocal inhibition theory concerning the control of thermal and
non-thermal sweating (Ogawa et al., 1977; Iwase et al., 1997).

The main focus of the current research was the neuropharmacological modulation
of non-thermally-mediated sweating responses from both glabrous and non-glabrous skin.
In particular, the impact of a systemic cholinergic blockade upon sweat secretion during
painful sensation, mental arithmetic and handgrip static exercise was investigated, as
some have previously suggested that adrenergic pathways would drive sudomotor
responses to these psychological and exercise stimuli (Robertshaw, 1977; Mack et al.,
1986). Indeed, this possible differentiation between thermal (cholinergic) and non-thermal
(cholinergic/adrenergic) sweating is intriguing and generally accepted (Allen and Roddie,
1972; Robertshaw, 1977; Mack et al., 1986; Shields et al., 1987; Nakazato et al., 2004;
Weihe et al., 2005), although few have directly investigated this phenomena. In these
studies, data regarding the existence of a functional noradrenergic neural pathway are
inconclusive.

For instance, in experiments by Chalmers and Keele (1951), mental
(psychological) sweating from the palms and soles was entirely blocked by atropine, but
no adrenergic antagonist used caused such a inhibitory effect. Similar observations were
made by Wolf and Maibach (1974), with no significant inhibition of either psychological
sweating or insensible perspiration being evident at the palm when three anti-adrenergic
agents were applied, while the psychologically induced secretion was almost fully
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suppressed by atropine. However, the failure of atropine to block palmar insensible
perspiration and also adrenaline-induced secretion led the authors to suggest that a noncholinergic mechanism may be physiologically active in the mediation of eccrine
sweating.

Furthermore, Allen and Roddie (1972) observed increased sweating after
intravenously infusing either adrenaline, isoprenaline or noradrenaline in five resting
subjects (29oC). As this response was reduced by an adrenergic blockade (propranolol),
but not by atropine, the authors suggested that circulating catecholamines could elicit a
small sweat response (transcutaneous water loss) which was independent of the
cholinergic innervation of the eccrine gland. Similar inhibitory impact of systemic
propranolol upon sweating was observed in exercising subjects, implying that circulating
catecholamines may alter, at least in part, sweating during exercise (Mack et al., 1986).
Indeed, a partial adrenergic modulation of sweat secretion was apparent in experiments
using both humans (Terada, 1966; Ogawa, 1976) and other primates (Robertshaw et al.,
1973), but contrasting anhidrotic effects of systemic catecholamines have been also
reported (Harrison and MacKinnon, 1963, 1966).

In general, whilst it is possible that adrenergic modulation (humoral) of sweating
takes place, in particular during exercise, it is unlikely that this is mediated neurally. In
addition, Ogawa (1976) suggested that, even during extraneous physiological conditions
such as heavy exercise, circulating catecholamines concentration in the skin might be
lower than that in the plasma, and thus, it shall not exceed the minimum adrenaline dose
required to locally induce sweat secretion (~10-7 g.mL-1; Chalmers and Keeke (1951);
Sonnenschein et al. (1951)). Accordingly, it would be also very unlikely that the
(possible) adrenergic mediation of sweating during exercise was a consequence of a direct
action of adrenaline on the eccrine gland. Instead, this might result from systemic effects,
such as central and calorigenic effects (Ogawa, 1976). The present observations also
challenge the possibility of a direct noradrenergic impact on the glands during passive
heating, pain, psychological and (static) exercise stimulations, as atropine completely
prevented sweating induced by these stimuli. On the other hand, whilst we consider it
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unlikely, we can not completely rule out a possible adrenergic modulation of sweating
taking place during more intense physiological conditions, such as exposure to very high
thermal loads (equal to or greater than that at the end of the current trials; Figures 5.1
(protocol) and 5.6 (sweat responses)) or during dynamic exercise in the heat, which will
induce greater increases in catecholamine levels (in the plasma and perhaps surrounding
the sweat glands). However, as demonstrated in this investigation, the maintenance of a
steady-state (clamped) thermal drive is essential for the evaluation of possible noncholinergic (adrenergic) mechanisms involved in the modulation of sudomotor responses
and, therefore, it must be accomplished in future research using greater thermal loads.

5.5 CONCLUSION
The current data demonstrate that neurally mediated thermal or non-thermal
sweating is wholly dependent on the neurotransmitter acetylcholine. This has been
established since systemically delivered atropine completely suppressed all sudomotor
responses to thermal, pain, mental and exercise stimuli in isothermally-clamped
individuals. This exclusive cholinergic drive is already widely accepted for the
modulation of thermal sweating, but the possibility existed that sweat secretion during
psychological and exercise stimuli was, at least in part, noradrenergically driven. The
present results do not support this hypothesis. Thus, whilst eccrine sweat glands can be
activated by adrenergic agonists, it would seem that, if a functional role for this activation
exists, it occurs via activation of the adrenal medulla.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS
The current research focussed upon the neural control of human sweating, with
emphases on the regional distribution and local dynamics of thermally- and nonthermally-induced eccrine secretion, and on the pharmacological nature of these
responses.

In this regard, a three-phase research project was elaborated. Firstly,

extensive whole-body mappings of both thermal and non-thermal sweating were
accomplished (Chapters 2 and 3). In the second phase, individual glands participating in
these two forms of sweat were identified at both glabrous and non-glabrous (hairy) skin
surfaces (Chapter 4). Finally, the neuropharmacological modulation of thermal and nonthermal sudomotor responses was examined using a systemic cholinergic blockade
(Chapter 5).

In a series of six experiments performed in the first phase of this investigation,
we tested the hypothesis that neither thermal nor non-thermal sweating was restricted to
certain skin locations (glabrous or non-glabrous). Furthermore, as detailed information
with regard to the regional distribution of sweating within body segments was lacking,
and these data are also very useful for thermal modellers, thermal manikin engineers and
clothing designers, sweat rates were evaluated from sixty-one distinct sites, representing
forty-three regions within six body segments, namely the head, torso, hand, foot, upper
and lower limbs. From this comprehensive mapping, it was evident that sweating is
indeed a whole-body phenomenon, regardless of its origin (thermal or non-thermal). In
addition, significant regional variations existed both among and within body segments,
although intra-segmental differences were more evident for moderate-to-high thermal
sweating than for low-intensity psychologically-induced secretion.

For instance, sweat secretion from the head was 2.16 mg.cm-2.min-1 (mean of 10
sites) when averaged across a wide range of thermal loads. However, sudomotor
responses within this segment were not uniform, with the greatest sweat rates observed
at the forehead (3.97 mg.cm-2.min-1), followed by the lateral surfaces (2.24 mg.cm-2.min289
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), and with the least sweating region being the top of the head (1.18 mg.cm-2.min-1). It

was suggested that these intra-segmental observations might reflect variations in the local
adaptation of eccrine glands to differences in local evaporation associated either with
bipedal locomotion, which will influence forehead sweating, or the hidromeiotic
suppression of sweating, which impacts upon sweat glands within the hairline.

Using similar methods, non-uniform secretion patterns were also evident within
the torso, hand and foot. The overall sweat rate for the torso across the incremental
thermal load was 1.35 mg.cm-2.min-1, but the lateral surface displayed the lowest sweat
response (0.89 mg.cm-2.min-1; 3 sites), and differences in secretion between this region
and the anterior and posterior areas of the torso became more pronounced as the thermal
load was increased. In addition, sweating from the dorsal surface of the torso (in
particular, the lower back: 1.74 mg.cm-2.min-1; 2 sites) was higher than that from the
abdominal region (1.20 mg.cm-2.min-1; 2 sites). From these data, it was evident that the
torso is another region that does not have a uniform distribution of thermally-induced
sweating. Moreover, as the lateral sites of the torso behaved somewhat similarly to that
generally seen from glabrous skin surfaces, we suggested that, perhaps, it should be
considered to be an intermediate zone, between glabrous and non-glabrous skin, at least
with regard to eccrine sweat gland function.

Finally, all surfaces within the hand and foot displayed increased thermally
induced sweating during incremental cycling. Nonetheless, the non-glabrous surfaces
accounted for approximately two thirds of the secretion observed for these segments.
Within the dorsal hand, secretion rates averaged 1.93 mg.cm-2.min-1, while the overall
sweating approximated 1.03 mg.cm-2.min-1 at the palmar sites (5 sites in each aspect of
the hand). However, the palmar sweating was far less uniform, with a proximal-to-distal
increase in sweating apparent within this surface of the hand, and with this pattern
accentuated at higher thermal loads. Indeed, considering only the metacarpal region of
the palmar surface, sweat rates averaged 0.37 mg.cm-2.min-1 throughout the experiment,
corresponding to only 6% of the total sweat loss from this segment. Accordingly, it was
hypothesised that a greater sweat gland density on the fingers may have accounted for
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variations across the volar surface. However, higher dorsal sweating with lower gland
counts (high glandular flow) may be attributable to either larger sweat glands, or to a
greater cholinergic sensitivity of these glands.

The dorsal surfaces of the foot also displayed a much greater sweat response
during exercise (1.12 mg.cm-2.min-1: averaged of 3 sites) than that observed at the plantar
sites (0.47 mg.cm-2.min-1: data from 3 locations). In addition, within this segment, three
general areas could be distinguished in relation to the sudomotor function: dorsal (highest
secretion), lateral (intermediate secretion: 0.68 mg.cm-2.min-1; 4 sites) and plantar
surfaces (lowest secretion). However, if combined with observations by others using
different methods (Fogarty et al., 2007; Smith et al., 2011), these sweat data clearly
indicate that the feet may be considered to have at least two general sweat distribution
patterns during exercise in the heat, with low secretion rates from the sole and the lateral
foot, and with significantly greater sweating from the dorsal surfaces.

In general, from a regulatory perspective, one must conclude that evidence
appears not to exist that might support an hierarchical configuration of sweating. Instead,
higher secretion rates at any one site would merely reflect that site reaching its potential
for evaporative heat loss for the thermal stimulations to which the individual has been
exposed (Taylor and Machado-Moreira, 2011).

Moreover, to investigated the regional variations in non-thermally mediated
sweating, experiments were carried out either in the thermoneutral or passively-heated
state. From these data, generalised (whole-body) and non-uniform sudomotor responses
were again evident. In addition, our observations showed that the proposed mutual
inhibitory links between the temperature regulatory and the cognitive processing centres
(Ogawa, 1975; Ogawa et al., 1977) were lacking in empirical support. These hypothetical
pathways imply that thermal sweating would be suppressed by superimposing a
psychological stress, and that psychological sweating would be lower if induced under
thermal stress. Neither of these predictions eventuated in our experiments, and given the
thoroughness of the current projects, these inhibitory links appear not to exist, at least
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with respect to the 30 skin sites tested during experiments described in Chapter 3. Indeed,
in more than 70% of these sites, psychological sweating was greater when the
psychological stimulus was applied over a background of thermal sweating.

Furthermore, if one compares the current sudomotor responses during
psychological stimulation when applied under thermoneutral conditions, with data
resulting from the same stimulus superimposed onto thermal sweating (Figure 3.7), then
it appears that certainly palmar, but perhaps also plantar sweating was lower under the
latter conditions. Therefore, if one had only examined these two sites, as previous
researchers have (Kuno, 1956; Ogawa, 1975; Iwase et al., 1997), then it would have
been very tempting to conclude that psychological sweating from glabrous regions was
indeed suppressed during thermal loading. Instead, there was no difference in sweating
from the volar (glabrous) surface of the finger, whilst that from the forehead (glabrous)
was elevated several fold (Figure 3.7). From these more comprehensive investigations,
it can now be concluded that such generalisations regarding differences in the sudomotor
function of glabrous and non-glabrous surfaces are likely to be too simplistic and
imprecise. Indeed, it seems very unlikely that separate pathways exist for the eccrine
sweat glands from different skin surfaces.

Taken together, our observations unequivocally demonstrated that psychological
stimulation also activates eccrine glands across most skin surfaces, although this nonthermally induced secretion is less evident in the thermoneutral state from surfaces other
than the palmar, plantar and finger sites (Chapter 3). In addition, the possibility exists
that such a low-intensity sweating remained undetected in previous investigations due to
the use of less sensitive techniques to measure this secretion (Machado-Moreira et al.,
2009a,b; Chapter 4; Appendix A). Therefore, as opposed to the generally accepted model
for the thermal and psychological mediation of human sweating, with separate central
wiring, sudomotor centres and efferent pathways for each form of stimulation and type
of skin (Ogawa et al., 1977; Bini et al., 1980; Iwase et al., 1997; Vetrugno et al., 2003;
Figure 6.1A), it seems more likely that neural impulses are simultaneously delivered to
all areas across the skin, with the resultant sudomotor response varying within and among
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skin regions due to local variations in neurotransmitter sensitivity (Figure 6.1B).
However, the reduced number of skin sites investigated, limited samples, great
methodological variations, and also the use of somewhat insensitive techniques to
measure low-intensity sweat secretion, may have prevented previous researchers of
arriving at similar conclusions.

Accordingly, in subsequent experiments of this investigation, the human
sudomotor function was examined at the glandular level (Chapter 4). In particular, we
wanted to know if, within a definite skin area, the same sweat glands would be recruited
during both thermal and psychogenic sweating. As it was clear from our observations that
these sudomotor responses were whole-body phenomena, it was anticipated that the same
glands would be activated following thermal and psychological stimulations. However,
this hypothesis was not confirmed, since we observed increased glandular recruitment
when a psychological stimulation was superimposed upon thermal loading. This pattern
was evident at both the palmar and dorsal hand surfaces, although the magnitude of the
impact of each stimulus was different upon each skin site. For example, it was estimated
that, for each hand, these additional, psychologically activated glands corresponded to
approximately two thousands glands at the dorsal surface, and more than fourteen
thousand glands within the palmar region. Indeed, one may suspect that separate
pathways accounted for each form of sweating, or that the thermally silent glands lack
innervation, but possessed some neurotransmitter sensitivity, which allowed these glands
to become active during a prolonged psychological stimulation. Furthermore, a
noradrenergic neural drive might have recruited this subset of thermally silent glands as
the psychological stimulus was applied.

Nevertheless, this seems to be a somewhat unnecessarily complex design, given
the whole-body nature of both thermal and psychological sweating. Alternatively, it is
hypothesised that the current observations on the local dynamics of sweating may simply
be a reflection of an intermittent activation of the eccrine glands, as previously evident
in independent investigations during either thermal (Ogata, 1935; Randall, 1946a,b) or
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Figure 6.1 Hypothetical mechanisms for the neural control of human eccrine sweating
during thermal and psychological (psychogenic) stress. The model in 6.1A summarises
the generally accepted hypothesis for this control, and comes from that proposed by Iwase
et al. (1997), which was based upon the hypotheses of Ogawa (1975) and Ogawa et al.
(1977). Figure 6.1B is an alternative hypothesis for sudomotor control, which was
initially based on observations from Kennard (1963), and strongly supported by
observations from Chapters 2 and 3.
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non-thermal stimulations (Nishiyama et al., 2001; Ohmi et al., 2009). Indeed, the fact
that eccrine glands are innervated by several postganglionic fibres, with such neurons
having multiple synaptic contacts (Kennedy et al., 1994) may constitute the
neurophysiological basis for this irregular glandular behaviour. This appears to be
analogous to the recruitment of motor units within skeletal muscle.

Thus, in general, it can be suggested that several different stimuli so far used to
induce sweating, activate additional glands as the stimulus becomes protracted or when
its intensity is increased, regardless of whether it is of thermal (Randall, 1946a,b; Kondo
et al., 2001) or non-thermal origin (exercise: Kondo et al., 2002; psychological: current
study), or a combination of both (current observations). Moreover, this recruitment
pattern takes place at both the glabrous and non-glabrous skin surfaces. Indeed, this
phenomenon seems to support the hypothetical model illustrated in Figure 6.1B, with
thermal and non-thermal mechanisms interacting at a central level, and a resulting
integrated drive activating eccrine glands across the entire body surface.

The final study of the current series of investigations focussed upon the
pharmacological nature of these thermal and non-thermal sudomotor responses, since,
from previous experiments, we could not completely rule out the possibility that separate
neural pathways existed for the different types of secretion. Indeed, as oppose to the well
established cholinergic activation of sweat glands under thermal stimulation, it has been
generally regarded that sweating is, at least in part, adrenergically mediated during
psychological (Robertshaw, 1977; Nakazato et al., 2004) and exercise stimulations
(Robertshaw et al., 1973; Mack et al., 1986; Buono et al., 2010). This hypothesis is
intriguing, with considerable supporting evidence as the demonstrated responsiveness of
eccrine glands to adrenomimetic agents (Sonnenschein et al., 1951; Wolf and Maibach,
1974), the adrenergic origin of the sweat gland innervation (Landis et al., 1988), the
coexpression of cholinergic and adrenergic phenotypes at the sudomotor neuroeffector
junction (Weihe et al., 2005), and the demonstrated presence of adrenergic nerve
terminals sparsely distributed around the eccrine glands (Uno, 1977; Donadio et al.,
2006).
295

Thus, experiments were designed to observe whether or not a systemic cholinergic
blockade (atropine) would fully suppress thermal (passive heat loading) and non-thermal
sweating (pain, psychological and exercise stimuli). From Chapter 5, it was evident that
all forms of sweating were abolished from all glabrous and non-glabrous skin sites,
including primary sweat secretion (skin conductance) at the palm. In addition, our
observations are in direct contrast with the reported occurrence of residual sweating
(partial suppression) following atropine blockade previously reported by some researchers
(Gibinski et al., 1973; Kolka et al., 1989). Nevertheless, it is likely that the residual
secretion observed in previous experiments resulted from a cholinergic breakthrough
caused by increments in body temperature (Chapter 5: Section 5.4.1). In the current
trials, body core temperature was initially increased to induce thermal sweating, but it
was then clamped, as it was essential to separate the impact of non-thermal stimulation
upon sweating, and also to guarantee that the cholinergic blockade would not be
overcome by increments in the thermal drive accompanying reduced evaporative cooling.
Thus, for the first time, thermally- and non-thermally mediated sudomotor responses
from glabrous and non-glabrous surfaces, including the palmar precursor secretion, were
investigated following systemic atropine blockade in isothermally-clamped individuals.
The current results do not support the proposition that functionally relevant
noradrenergic, sudomotor pathways may exist, even though eccrine sweat glands may
indeed respond to catecholamines. Instead, our observations corroborate early suggestions
that sudomotor responses are exclusively cholinergically mediated (Chalmers and Keele,
1952; Foster and Weiner, 1970).

6.1.1 Concluding remarks
(i) Regardless of the nature of the stimulation (thermal or non-thermal), sweat secretion
takes place in most glabrous and non-glabrous skin surfaces, with no apparent reciprocal
inhibition between thermal and psychological sweating.

(ii) Indeed, after this more comprehensive sweat mapping, it can now be concluded that
generalisations regarding differences in the sudomotor function of glabrous and nonglabrous surfaces are likely to be too simplistic and imprecise. This nomenclature appears
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to have little relevance to the physiology of eccrine sweating.

(iii) From a regulatory perspective, one must conclude that no evidence exists to support
an hierarchical configuration of sweating across the body surfaces. Indeed, higher
secretion rates at any one site would appear to merely reflect that site reaching its
potential for evaporative heat loss for the thermal stimulation to which the individual has
been exposed.

(iv) The present observations support the existence of a centrally integrated drive for
sweating, with nerve impulses simultaneously activating sweat glands across the wholebody surface.

(v) Depending on the method used to evaluate sweat secretion, low-intensity sweating
may remain undetected. Indeed, together with the reduced number of skin sites
investigated, the use of less sensitive techniques may have prevented the observation of
such a small change in the gland secretory activity in earlier studies.

(vi) In the current investigation, it was observed that thermally silent glands became
active when psychological stimulation was superimposed onto thermal sweating. The
recruitment pattern observed is consistent with an intermittent activation of sweat glands
previously reported for both thermal and non-thermal sweating, and this may be
explained by the existence of a spatial summation of multiple synaptic inputs driving the
gland response.

(vii) Finally, our data demonstrated that neurally mediated thermal or non-thermal
sweating is wholly dependent on the neurotransmitter acetylcholine. This has been
established since systemically delivered atropine completely suppressed all sudomotor
responses to thermal, pain, mental and exercise stimuli in isothermally-clamped
individuals. The latter procedure (body temperature clamp) proved to be essential for this
type of investigation.
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6.2 RECOMMENDATIONS
Whilst a functional participation of noradrenergic mechanisms in sudomotor
control now seems highly unlikely to take place, this possibility cannot yet be completely
disregarded. For example, we need to further investigate the residual sweating from
atropinised individuals observed at the end of our experiments (Chapter 5; Figure 5.6).
Although it is likely that this secretion wholly resulted from an increased cholinergic
drive following the removal of the body temperature clamp, and this phenomenon is
consistent with data from other investigations (Cummings and Craig, 1967), further
experiments are required to test the hypothesis that sudomotor responses during extreme
physiological stimulation (high-intensity thermal and non-thermal loads) are, at least
partially, adrenergically mediated.

Therefore, a logical first study following the present investigation is to further
examine the impact of several pharmacological blockades upon sweating during highintensity thermal and non-thermal loading. In these trials, body temperature would be
clamped at different levels, with proportional elevations in the atropine dose. That is,
each increment in temperature will be followed by a higher dose of the anticholinergic
agent. In particular, clamping the temperature at a slightly higher level will allow one to
observe if the anticipated increase in sweating is due to the secondary increase in
temperature (blockade breakthrough). Furthermore, higher dose of atropine should
overcome the breakthrough and confirm whether the residual secretion was due to
increased acetylcholine release. On the other hand, if at a given isothermal state, atropine
does not completely extinguish sweating induced by any of the thermal or non-thermal
stimulations used, other inhibitors will be applied on the top of this antagonist. The first
agent will be botulinum toxin (botox), which will block the neurotransmitter release from
locally treated cholinergic nerves. This includes the inhibition of other co-transmitters
that possibly activate the sweat gland. However, if the combination of pre- (botox) and
post-synaptic (atropine) cholinergic blockades still fails to abolish sweat secretion, an
adrenergic antagonist will be then administered, as the residual sweating may have been
mediated by noradrenaline from the sympathetic nervous system. For instance, bretylium
tosylate has been widely used in humans to study the control of skin blood flow, and it
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acts very locally by blocking the release of noradrenaline from local nerves within a very
small skin region. Finally, if the first three blockades do not totally suppress the
thermally and non-thermally mediated sweating responses, then a third (local) blockade
will be administered to inhibit the adrenergic receptors in the sweat glands (e.g.
propranolol, dibenamine, phentolamine, procraine). This will test the hypothesis that
circulating catecholamines may participate in the modulation of sweating (Robertshaw et
al., 1973; Mack et al., 1986).

In this suggested first series of experiments, the pharmachological nature of
peripheral pathways driving different forms of sweating will be clarified. If results from
these trials confirm the observations from the present dissertation (Chapter 5), the
existence of an exclusive peripheral (postganglionic) cholinergic pathway for all types of
sweating will be unequivocally demonstrated. However, it will still be essential to
identify the higher neural centres participating in sudomotor control, in addition to
investigating the pharmacological nature of central pathways modulating the sudomotor
function.

In general, we can now describe sudomotor control using the model proposed in
Figure 6.2. For instance, it is well established that the hypothalamus is the centre
controlling thermal sweating (Boulant, 1981; Werner et al., 2008). Also, feedback from
noci-, mechano- and metaboreceptors are recognised to induce sweat responses (Kondo
et al., 2010), but the central wiring involved in these response has not been yet
elucidated. Similarly, supra-medullary inputs (e.g. feedforward, mental stimuli) can drive
sweating, but more research is required to examine the exact neural structures activated
during these sudomotor responses. Although human data regarding this central sudomotor
control are scarce, some indication exist that both the hippocampus and amygdala
participates in psychologically mediated sweating (Homma et al., 1998, 2001). Thus,
even if the current data strongly support a common, integrated (thermal and non-thermal)
peripheral pathway activating sweat glands across the entire skin surface, it is still unclear
how the various drives for sweating are differentiated at the central level.
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Accordingly, in future investigations, the use of functional magnetic resonance
imaging is suggested to precisely identify the structures within the central nervous system
that are activated during each form of sudomotor stimulation (in Figure 6.2, these are
coded A-D). These studies can involve the application of thermal and non-thermal stimuli
similar to those currently used: passive heating, mental arithmetic, pain and exercise.
Furthermore, the likely interactions between the centres controlling the sympathetic
nerves that are connected to sweat glands may be evaluated. For instance, these
experiments will help to clarify if the neural signals associated to psychological-, pain-,
exercise- or thermal-related sweat secretion are integrated in the hypothalamus or at a
lower neural connection. Some of this research is currently being undertaken at the
Howard Florey Institute, University of Melbourne, Australia (McAllen, R.).

Moreover, if sudomotor centres can be identified, it will be interesting to further
investigate the nature of the central wiring involved in the modulation of sweating (Figure
6.2). For this, we will need to know if one or more pathways possibly connecting these
structures can be pharmacologically inhibited. Accordingly, potential drugs acting at this
level will be selected, and experiments will be designed to investigate the nature of the
central pathways (cholinergic, adrenergic, other) participating in the sudomotor function,
even though the peripheral modulation seems to be exclusively cholinergic.

Finally, whilst the current experiments provided significant information with
regard to the local dynamics of sweating during both thermal and psychological
stimulations (Chapter 4), further studies are needed to confirm if the currently observed
gland recruitment pattern is reproduced in other skin surfaces. For instance, while
evaluating sudomotor responses from the dorsal aspect of the hand during psychological
stimulation in the thermoneutral state, we only detected significantly increased secretion
at the finger surfaces. Indeed, from our extensive sweating map (Chapters 2 and 3), it
was evident that both the volar and dorsal surfaces of the fingers displayed greater
thermal and non-thermal responses than most skin surfaces. However, technical aspects
associated with the use of colorimetry and macrophotography made the central
(metacarpal) surfaces of the hand the most appropriate choice for our investigations.
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Figure 6.2 Hypothetical mechanisms for the central control of thermally- and nonthermally mediated human eccrine sweating. Structures indicated as A, B and C are
hypothetical centres involved in the sudomotor responses to pain, exercise and
psychological stimuli, respectively. Information from these centres may be integrated
either in the hypothalamus or in an unidentified centre (D), with a resultant (integrated)
drive activating sweat glands through cholinergic pathways. Dotted arrows indicate
possible interactions occurring at the central level.
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Therefore, in future studies, the finger skin surfaces are potential sites from which
sudomotor responses can be examined. In addition, it would be suggested to use a
combination of the most sensitive techniques available to simultaneously investigate these
sudomotor responses. For instance, videomicroscopy and optical coherence tomography
have been recently used to examine psychologically induced sudomotor responses at very
small areas within palmar and plantar surfaces (Nishiyama et al., 2001 (N=4); Ohmi et
al., 2009 (N=5, but only individual data are shown)). Hence, it is suggested the use of
a combination of videomicroscopy and the ventilated capsule technique (e.g. a video
camera attached to a ventilated capsule) to see if the response pattern currently observed
also takes place during other thermal and non-thermal stimuli. This procedure will allow
one to simultaneously and continuously record, with very high temporal and spatial
resolutions, the sweat rate produced and the activity pattern of each sweat gland within
the same area. In addition, it will be interesting to run repeated trials on same sites,
during which the same glands (e.g. 30 glands) may be studied many times with different
levels of each stimulation.
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APPENDIX A: VARIATIONS IN THE THERMOREGULATORY SWEATING
THRESHOLD

DETERMINED

USING

THE

SKIN

CONDUCTANCE

MEASUREMENT AND VENTILATED CAPSULES 1

A.1 INTRODUCTION
The thermoregulatory sweating threshold is defined by the initial and protracted
activation of eccrine sweat glands associated with the the elevation in mean body
temperature. This effector response reflects centrally mediated changes in the thermal
drive and, consequently, it has been the focus of many investigations. These include
observations on the regional variations in gland recruitment patterns (Hertzman et al.,
1952; Cotter et al., 1995), and on the effects of heat acclimation (Patterson et al., 2004),
physical training (Roberts et al., 1977), altitude (Kolka et al., 1987), age (Armstrong and
Kenney, 1993) and non-thermal factors (Kondo et al., 2001) upon this physiological
variable. Nevertheless, critical methodological differences among experiments prevent
unequivocal interpretation of some of these data. For instance, sweating onsets have been
computed against different temperature indices, namely core (e.g. eosophageal, tympanic)
and mean body temperatures (weighted summation of core and shell thermal inputs).
Furthermore, although the absolute temperature at the sweating onset is often reported
as the threshold, it seems that the sudomotor threshold is sometimes more dependent on
body temperature changes (Patterson et al., 2004). In addition, the methods for the
estimation of this threshold have varied significantly among experiments, which makes
inter-study comparisons more difficult (Cheuvront et al., 2009). Finally, as the
techniques used to evaluate thermoregulatory sweating thresholds play a crucial role for
the precise detection of the initial activation of the thermoeffector response, the use of
low-sensitivity measurements may also contribute to the variations of data reported in the
literature. This latter methodological issue was the focus of the present research.

In general, human thermally induced eccrine secretion has been investigated using

1

This text forms the basis of a manuscript to be submitted for publication at the European Journal of
Applied Physiology.
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several quantitative methods, including records of whole-body mass changes (Nadel et
al., 1971; Baker et al., 2009), and the use of plastic bags (Allen et al., 1973), pouch
sweat collectors (Boisvert et al., 1993, 1997), filter papers (Madeira et al., 2010),
absorbent patches (Havenith et al., 2008) and ventilated capsules (Custance, 1962;
Werner et al., 1985) to evaluate localised (regional) sweating. Whilst these techniques
require sweat reaching the skin surface (discharged sweat), the ventilated sweat capsule
method is generally preferred for the continuous evaluation of low-intensity secretion and
examination of dynamic (rapid) variations in the sudomotor responses due to its greater
temporal and spacial resolution (Taylor and Machado-Moreira, 2011).

However, sweating can be continuously monitored even prior to its appearance
onto the skin surface. This primary secretion can be detected when galvanic techniques,
which are based on changes in electrical resistance on the skin, are used. Amongst these
methods, the skin-resistance and skin-conductance measurements are the most frequently
applied (Boucsein, 1992). Indeed, since it has been demonstrated that electrodermal
responses closely reflect sweat gland activity (Thomas and Korr, 1957; Lader and
Montagu, 1962; Juniper et al., 1967; Freedman et al., 1994), these cutaneous responses
have been widely used for the evaluation of autonomic sympathetic function. In
particular, psychogenic sweating from glabrous (palmar) surfaces is regarded as a useful
indicator of sympathetic activity (Darrow, 1937; Hugdahl, 1995).

Therefore, one can anticipate that the continuous evaluation of primary sweating
will provide additional (essential) information about the dynamics of both thermally and
non-thermally induced sweat secretion at non-glabrous (hairy) skin surfaces, particularly
during conditions of low-intensity sweating in which the ductal reabsorption rate can
approach and even equal primary sweat production. Indeed, there must exist a phase
delay between sweat gland stimulation and sweat discharge, and this has already been
observed at the palm under psychological stress (Darrow, 1934; Wilcott, 1962) and at the
forearm following electrical (nerve) stimulation (Bullard, 1971). Thus, it is assumed that
a similar delay will also be evident at non-glabrous sites following thermal loading. In
the current investigations, we focussed on determining the differences in the onset of
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thermally induced sweating, from simultaneous measures of discharged sweat (ventilated
capsule) and skin conductance. A secondary purpose was to investigate the relationship
between sweat rate and skin conductance responses during passive heat loading. It was
hypothesised that a positive linear relationship would exist, but this would not be apparent
at very low sweat gland activity nor during profuse sweating. Two separate studies were
conducted using different subjects and conductance devices. The first experiment was
designed to compare sudomotor responses at the dorsal surfaces of the fingers. As
preliminary data showed that sweating was detected significantly earlier when the skin
conductance technique was used (Machado-Moreira et al., 2009a), we considered it
worthwhile to extend this observation to different skin sites. Therefore, in a second
experiment, we examined sudomotor responses from the forehead, forearm and dorsal
hand. Herein, data from these two separate investigations are presented.

A.2 METHODS
A.2.1 Subjects
Seven healthy young subjects (males and females) participated in Study 1, while
eight healthy young males were enrolled in the second investigation (Table A.1). All
subjects were selected based on a screening questionnaire designed to exclude those at
risk from cardiovascular strain or previous history of hyperthermia, in addition to those
who have sweating-related disorders. Experimental procedures were approved by the
Human Research Ethics Committee of the University of Wollongong, and these were
fully explained to the participants, who provided written, informed consent prior to
participating in the trials.

A.2.2 Experimental standardisation
Subjects were instructed to refrain from strenuous exercise and to consume plenty
of fluid for the 24-h period immediately prior to the trial, and to not consume caffeine
and alcohol for the 12-h period preceding the experiments. During the trial, subjects did
not consume food or liquids.

In the first investigation, subjects wore running shorts (and sports bra when
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Table A.1 Physical characteristics of subjects participating in Experiments 1 and 2. Data
are means with standard deviations (SD). Sample sizes were seven and eight for the first
and second studies, respectively.
Body surface area
Study

Age (y)

Height (cm)

Mass (kg)

1

24.1 (2.1)

172.2 (12.4)

66.66 (10.49)

1.8 (0.2)

2

30.3 (9.4)

179.2 (10.4)

73.80 (7.67)

1.9 (0.1)

(m2)

Note: Body surface area = 0.00718 C kg0.425 C cm0.725 (DuBois and DuBois, 1916).
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female) only, while in the second, they wore a swimming suit only. In addition, to
minimise the impact of undesired artefacts (in particular, changes in psychological states
(e.g. alertness, anxiety)) on sweating, subjects were blindfolded throughout the trial.

During the preparatory period, subjects were measured (Stadiometer: Holtain
Ltd., Crymych, U.K.), weighed (Platform scale: A&D, Model FW-150K, Milpitas, CA,
U.S.A.) and equipped with core and skin thermistors, ventilated sweat capsules, skin
conductance surface electrodes and water-perfusion garment.

A.2.3 Procedures
A.2.3.1 Study one
As the trial started, subjects rested (seated position) for 15 min in the
thermoneutral state (non-sweating; climatic-controlled chamber: 25-26oC and 45-55%
relative humidity) prior to the initiation of the passive heat loading. This consisted of feet
immersion in heated water and water-perfusion suit (42-43oC: Cool Tubesuit, Med-Eng,
Ottawa, Canada), with subjects required to immerse both feet in a stirred water bath with
thermostat (38-litre, Grant Instruments (Cambridge) Ltd., Shepreth, U.K.). The trial was
terminated 35 min following the onset of sweating (ventilated capsule) at the dorsal
surface of the fingers.

A.2.3.2 Study two
Following 30 min in the thermoneutral state (non-sweating; climatic-controlled
chamber: 27.5-28oC and 45-55% relative humidity), thermal sweating was induced by
passive heating, which involved feet immersion in heated water and a whole-body, waterperfusion suit (Paul Webb Associates, Yellow Springs, OH, U.S.A.). Two stirred water
baths with thermostats were used to control the water temperature for the feet immersion
(42oC) and the perfusion garment (48oC). This heat loading lasted for 40 min, during
which subjects rested in the supine position (except for the legs, as these were bent for
the feet immersion).
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A.2.4 Measurements
A.2.4.1 Sweat rates (ventilated capsule method)
In Study 1, sweat rate from the dorsal skin surface over the intermediate phalanx
of the ring finger (left hand) was measured, while secretion rates from the forehead and
from the dorsal surfaces of the left forearm and left hand (centre) were evaluated in the
second investigation. Ventilated sweat capsules (1.40 and 3.16 cm2) were glued to the
skin (Collodion U.S.P., Mavidon Medical Products, FL, U.S.A.) to prevent air leakage
and pressure-induced artefacts. Low humidity air (12%) was obtained by passing air over
an enclosed, saturated lithium chloride solution, and this was then circulated into the
sweat capsules, with the pre-capsular airflow set at 300 (small capsule) and 600 mL.min-1
(large capsules), and with post-capsular air humidity being measured using capacitance
hygrometers. Inlet and exhaust air temperatures and humidity were recorded
simultaneously at 1-s intervals for each channel (corresponding to each sweat capsule).
Local sweat rates (mg.cm-2.min-1) were computed from the changes in water vapour
content between pre- and post-capsular air using a sweat monitor system (Clinical
Engineering Solutions, NSW, Australia; Taylor et al., 1997). Hygrometer calibration
preceded experimentation, and involved three saturated salt solution standards (details:
Chapter 4, Section 4.2.4.2).

As the ventilated capsule method used in the present study involves the
quantification of the impact of water content of the air upon the behaviour of capacitors,
this technique is also known as capacitance hygrometry. The varying capacitance (electric
charge) associated with the humidity of the air surrounding the capacitor is used
electronically to produce a voltage that is proportional to the humidity. Furthermore, the
initially dry air pumped into sweat capsules positioned at the targeted skin sites optimises
evaporation, preventing, thus, the accumulation of sweat on the skin surface (Boisvert et
al., 1997). Indeed, the high sensitivity and precision of this method makes it especially
suitable for mechanistic research in which localised sweating responses are examined.

A.2.4.2 Skin conductance
The skin conductance method is based on the modification of the resistance in the
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stratum corneum resultant from changes in the activation state of eccrine sweat glands
(Thomas and Korr, 1957; Montagu and Coles, 1966). In particular, increases in secretion
will lower the skin resistance or, equivalently, increase its conductance. These reciprocal
indexes of the electrodermal activity are measured by passing a constant current
(resistance) or voltage (conductance) across a pair of electrodes placed at the skin surface,
and by recording the changes in voltage or current (respectively) induced by a given
stimulus. However, the conductance measure is apparently preferable (over resistance)
for the evaluation of sudomotor responses. This can be explained if one regards the sweat
glands and the skin as resistors in parallel, since these add inversely and the sum of the
inverse of all individual resistors in a circuit is equal to the reciprocal of the total
resistance, that is, the sum of conductances (Montagu and Coles, 1966). Indeed,
observations that the skin conductance varies with changes in whole-body water loss
(Darrow, 1934), and that it is linearly correlated with the number of active sweat glands
(Thomas and Korr, 1957; Freedman et al., 1994) support this as the measurement of
choice to detect primary sweat production.

Therefore, the skin conductance technique was used to simultaneously evaluate
sweat secretion, with pairs of Ag/AgCl surface electrodes (1081 FG) positioned at the
dorsal surface of the intermediate phalanges of the second and third fingers (left hand;
Study 1), and next to ventilated capsules positioned at the forehead, forearm and dorsal
hand (Study 2). An electrolyte of 0.05 M sodium chloride in an inert ointment base was
used as the conductive medium between the electrodes and the skin, and a constant
voltage of 0.5 V was applied across each electrode pair. In Study 1, data were recorded
at 10 Hz using a single-channel skin conductance meter (UFI Bioderm model 2701-SC
Simple Scope SCL/SCR Data Collection System, UFI, Morro Bay, CA, U.S.A.)
connected to a computer, while in the second investigation we used a multi-channel
conductance device (UFI Bioderm model SC2000/4-SCL Simple Scope Data Collection
System, UFI, Morro Bay, CA, U.S.A.). As conductance is the reciprocal of resistance,
the unit used for this measurement is the mho, which is the inverse of the resistance unit:
ohm. However, the modern equivalent unit to mho, Siemens (S), is increasingly used
(Hugdahl, 1995; Barry et al., 2007). Accordingly, the current data were expressed in
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microSiemens (:S).

A.2.4.3 Body temperatures
Auditory canal temperature was monitored using an ear-moulded plug with a
thermistor protruding 1 cm from the mould (Edale instruments Ltd., Cambridge, U.K.),
with this probe positioned in the ear within the external auditory canal and insulated using
a large piece of cotton wool to minimise the impact of the environmental temperature.
Auditory canal temperature was measured at 5-s intervals using a data logger (1206 Series
Squirrel, Grant Instruments Pty Ltd., Cambridge, U.K.) as the representative body core
temperature.

In addition, temperatures from eight skin sites (forehead, chest, scapula, upper
arm, forearm, dorsal hand, thigh and calf), were recorded every 5 s (Type EU, Yellow
Springs Instruments Co. Ltd., Yellow Springs, OH, U.S.A.). Mean skin temperature was
derived from these data (ISO 9886, 1992; details: Chapter 4, Section 4.2.4.4).
Furthermore, mean body temperature was computed using core and mean skin
temperature data: Mean body temperature = 0.8 · Body core temperature + 0.2 · Mean
skin temperature (Hardy and DuBois, 1938). Prior to the experiments, all core and skin
thermistors were calibrated against a certified reference thermometer (details: Chapter
4, Section 4.2.4.4).

A.2.5 Data analysis
The skin conductance data were normalised to values obtained in the
thermoneutral phase of each trial. That is, for each skin site, the lowest skin conductance
at this stage was subtracted from each data point. Sweat rate and skin conductance data
were averaged every 5 s and plotted against mean body temperature for the determination
of sweating thresholds. Initially, the approximate location of each threshold was identified
visually, and data before and after this location were separated, excluding data from the
15-30 s either side. For both sets of data, linear equations were used to describe
temperature and sudomotor responses. Hence, the threshold corresponded to the
temperature at the intersection between two linear regression lines originating from sweat
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data across two distinct periods: thermoneutral state and the steepest part of the curve
immediately following the clear establishment of sweating. Furthermore, we used this
simultaneous equation (linear functions) method to estimate the phase delay between the
onset of sweating detected using the skin conductance technique and that recorded when
using ventilated sweat capsules. This procedure has been widely used (Cotter et al.,
1995; Shibasaki et al., 2009) and it is now the recommended method for the
determination of thermoregulatory sweating thresholds (Cheuvront et al., 2009). Student
t-tests were used to compare sweating thresholds measured using ventilated capsules with
those detected using the skin conductance technique. Inter-site comparisons were not
performed, as this was not the focus of the current experiments. In addition, Student
t-tests were used to evaluate differences in body temperatures at the beginning and at
completion of the trials. Finally, the relationship between sweat rate and skin conductance
was evaluated for each skin site using both linear and logarithmic functions. For all
analyses, alpha was set at the 0.05 level. Data are presented as means with standard
errors of the means (±) and standard deviations (SD).

A.3 RESULTS
A.3.1 Body temperatures
Auditory canal, mean skin and mean body temperatures averaged 36.80 ±0.13oC,
32.75 ±0.27oC and 35.97 ±0.14oC (respectively) in the thermoneutral phase of the trial
in Study 1. At the completion of the experiment (following 35 min of passive heating),
these temperatures were significantly increased by 0.52 ±0.05oC (auditory canal;
P<0.05), 2.28 ±0.23oC (mean skin; P<0.05) and 0.89 ±0.07oC (mean body;
P<0.05).

In Study 2, similar body temperatures were observed prior to the initiation of the
thermal stress: 36.59 ±0.08oC (auditory canal), 33.74 ±0.11oC (mean skin) and 35.99
±0.09oC (mean body). Also, as passive heat loading continued for 40 min, significant
changes in body temperatures took place (auditory canal: +0.46 ±0.06oC; mean skin:
+2.55 ±0.15oC; mean body: +0.86 ±0.07oC; P<0.05).
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A.3.2 Sweating thresholds
Significant phase delays were observed for the detection of sweating onsets
between the skin conductance and ventilated capsule methods, and these averaged 4.1 min
(SD 0.5) across the four non-glabrous skin surfaces (Table A.2; P<0.05). This means
that, following the activation of sweat glands and production of primary sweat, it took
more than 200 s for this secretion rate to overcome the ductal reabsorption rate and for
discharged sweat to become detectable at the skin surface by the ventilated capsules. In
addition, on average (across sites), increased skin conductance responses took place
following a 0.35oC (SD 0.04) increase in mean body temperature (~0.2oC change in
auditory canal temperature), while the onset of sweat was not detected by ventilated
capsules until a 0.53oC (SD 0.04) increment in mean body temperature (~0.3oC change
in auditory canal temperature: Figure A.1; P<0.05). The magnitudes of the increase in
body temperature required for the onset of sweating (skin conductance and sweat rate)
at each skin location are presented in Table A.2.

A.3.3 Relationship between skin conductance and sweat rate
Strong, positive and significant correlation between skin conductance and sweat
rate was encountered for each skin site when the sweat rate-skin conductance curve was
fitted using either linear or logarithmic functions (r2>0.81: Figure A.2; P<0.05).
However, the relationship between these variables was better described by a logarithmic
rather than a linear regression. This may be explained by the lack of correlation between
these two variables at very low sweat rates (<0.1 mg.cm-2.min-1), when increases in skin
conductance (precursor sweating) were not detected by ventilated capsules, and also at
higher secretion rates, when the skin conductance method became saturated (Figure A.2).

A.4 DISCUSSION
The present experiments were designed to investigate thermal sweating in
passively heated individuals using two very sensitive techniques. In particular, we
compared thermoregulatory sweating thresholds computed when sweat secretion was
continuously and simultaneously evaluated by the changes in conductance on the skin, and
while it was recorded using the ventilated sweat capsule method. Significantly earlier
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Table A.2 Mean body temperature changes (from the thermoneutral state) required for
the onset of sweating at the forehead, forearm, dorsal hand and dorsal finger. These
thresholds were computed while simultaneously evaluating sudomotor responses using
the skin conductance and the ventilated sweat capsule methods. Also shown, are the
elapsed times (phase delays) between sweating onsets detected by these two
measurements. *=Significantly different thresholds observed between methods. Data are
means with standard errors of the means (±). Sample size was eight, except for the
dorsal finger (N=7).
Change in mean body temperature (oC)
Skin site

Phase delay (sec)
Skin conductance

Ventilated capsule

Forehead

0.29 ±0.03

0.47 ±0.05*

254 ±30

Forearm

0.37 ±0.03

0.57 ±0.03*

260 ±72

Dorsal hand

0.39 ±0.06

0.51 ±0.06*

195 ±32

Dorsal finger

0.36 ±0.06

0.55 ±0.10*

261 ±41
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Figure A.1 Skin conductance responses (closed symbols) and sweat rates (ventilated
capsule; open symbols) from the forehead (A.1A), forearm (A.1B), dorsal hand (A.1C)
and dorsal finger (A.1.D) in relation to mean body temperature in the thermoneutral state
and following passive heat loading (water-perfusion suit and feet immersion). Vertical
lines indicate temperature thresholds for skin conductance and sweat rates. Data are
means with standard errors of the means (±). Sample size was eight, except for the
dorsal finger (N=7).
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Figure A.2 Relationship between sweat rate (ventilated capsule) and skin conductance
measured at the forehead (A.2A), forearm (A.2B), dorsal hand (A.2C) and dorsal finger
(A.2D) in the thermoneutral state and following passive heat loading (water-perfusion suit
and feet immersion). Also shown, are the linear (dashed line) and logarithmic regression
curves (solid line) for these relationships, with the respective coefficients of determination
(r2). Data are means. Sample size was eight, except for the dorsal finger (N=7).
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sweating onsets (lower thresholds) were detected by the skin conductance technique at all
skin sites investigated, with the phase delay between the two measurements being
approximately four minutes. This is consistent with a phase delay previously observed
between sudomotor stimulation and sweat discharge (Darrow, 1934; Wilcott, 1962;
Bullard, 1971), and confirms the occurrence of a precursor (internal) secretion that does
not necessarily reach the skin surface (Ohmi et al., 2009). Therefore, the current findings
may have significant impact upon observations made during low-intensity, liminal
sweating conditions, including the equivocal caudal-to-rostral (sympathetic dermatomal)
recruitment pattern of sweat gland activation under thermal stimulation (Hertzman et al.,
1952; Randall and Hertzman, 1953; Taylor and Machado-Moreira, 2011). Indeed, it is
likely that the detection of the exact moment at which sweat glands from different
locations were activated has been prevented in early experiments by the use of techniques
that required sweating appearance on the skin surface.

In recent experiments, Ohmi and colleagues (2009) used optical coherence
tomography to evaluate the activity of individual sweat glands at the fingertip during
psychological stress, and observed that primarily secreted sweating did not always reach
the skin surface. Indeed, water remained within the ductal lumen for 150-200 s before
being fully absorbed. In the current study, it took approximately 250 s (average across
four sites; Table A.2) for primary secretion to be detected as discharged sweat. This
phenomenon is consistent with a latency period observed between the detection of palmar
skin resistance changes and the appearance of discharged sweat following non-thermal,
psychological stimulation (Darrow, 1934; Wilcott, 1962). Furthermore, it corroborates
evidence presented by Bullard (1971) demonstrating the existence of a secretory activity
prior to the appearance of sweating on the skin surface that seemed to be undetectable by
commonly used techniques. In those experiments, cutaneous nerves at the forearm were
electrically stimulated and sweat was recorded using ventilated capsules (Bullard, 1971).
As 1-2 min followed the sudomotor stimulation without detectable, emergent sweating
on the skin, the authors concluded that the reabsorption rate at the eccrine gland duct can
equal the secretion rate during low-intensity sweating, preventing, thus, duct filling and
the discharge of sweating.
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Based on current data, one can now extend these early observations to thermally
induced sweat secretion from both glabrous and non-glabrous skin surfaces. This
emphasises the need to use techniques that allow the recording of primary sweating in
conditions of low sudomotor drive, if one wishes to quantify the absolute body
temperature threshold. In this regard, our data demonstrated that the skin conductance
measurement is more appropriate than the ventilated capsule method for the continuous
evaluation of these low sweating states. In addition, in previous experiments in our
laboratory, we have shown that the small increase in sweat gland activity at the nonglabrous surface of the hand following psychological stimulation (mental arithmetic)
resulted in a significantly increased skin conductance, but it could not be detected using
a ventilated sweat capsule (Machado-Moreira et al., 2009b; details: Chapter 4).

A.4.1 Relationship between skin conductance and sweat rate during passive heating
Despite the significant differences observed for thermoregulatory sweating
thresholds evaluated from changes in skin conductance and sweat rates (Table A.2 and
Figure A.1), these variables were positively and well-correlated (Figure A.2). This is in
agreement with previous observations supporting the measurement of conductance on the
skin surface as a valid index of sweat gland activity (Montagu and Coles, 1966;
Freedman et al., 1994). For instance, early works from Darrow (1927, 1934) evaluating
the relation between skin moisture and electrodermal activity initially showed that
electrical conductance of the skin (derived from the skin-resistance measurement) varied
with the amount of perspiration. Furthermore, Thomas and Korr (1957) observed a linear
correlation (r2=0.80) between the number of activated sweat glands and the skin
conductance response investigated across a short period (~10 min) following the onset
of thermally induced sweating (passive heating). More recently, Freedman et al. (1994)
also reported significant correlations between conductance responses at the palmar
surfaces of the fingers and the density of non-thermally activated glands (using auditory
(sound) stimuli), although pre-stimulus skin conductance levels did not correlate with
gland densities for the same period. Indeed, the fact that changes in conductance were not
tracked by the number of active glands during basal (pre-stimulus) conditions in that
study is consistent with our findings for secretion rates lower than 0.1 mg.cm-2.min-1
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(Figure A.2). This is likely to be explained by the use of methods that do not allow the
detection of primary sweat secretion (colorimetry (Freedman et al., 1994) and
capacitance hygrometry (current study)).

In addition, we observed that the sweat rate-skin conductance relationship was
better described by a logarithmic rather than a linear function (Figure A.2). To the best
of our knowledge, this is the first study in which the skin conductance and ventilated
capsule techniques were used to continuously and simultaneously evaluate sudomotor
responses during thermoneutral state followed by passive heat loading. From the current
analyses, it was evident that, at lower gland activation states (due to the initial increments
in body temperature), there was an increase in skin conductance with no apparent change
in sweat rate. As the thermal drive increased and greater secretion was present, both
variables displayed proportional (linear) increments. This demonstrates that either
technique can be used to track variations in low, but discharged, sweat secretion.
Nevertheless, as the stimulation continued and profuse sweating took place, the skin
conductance measurement became saturated and increases in secretion were evident only
from the ventilated capsule method (Figure A.2).

Finally, it is important to emphasise that the passive heat loading applied in this
investigation (i.e. feet immersion and water-perfusion garment) is a standard and
frequently used procedure for the examination of physiological responses under heat
stress (Randall and Hertzman, 1953; Armstrong and Kenney, 1993; Kondo et al., 2001;
Michikami et al., 2004; Shibasaki et al., 2009). This relatively short (<1 h) heat
exposure induced a ~1oC-increase in body temperature, with sweat rates approaching
~0.7 mg.cm-2.min-1 at the trial termination (range: 0.3 (forearm) to 1.2 mg.cm-2.min-1
(forehead); Figure A.1). In addition, similarly to what is generally observed during
passive heat loading, in our trials, sweating onset occurred following 0.3-0.5oC increase
in mean body temperature (0.2-0.3oC core temperature). Therefore, the physiological
strain induced by the present protocol is comparable to that experienced by individuals
undergoing passive heat exposure in previous investigations.
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A.5 CONCLUSION
The current data demonstrate that the onset of thermal sweating is detected
significantly earlier using the skin conductance measurement than if the ventilated sweat
capsule method is applied. This supports the measurement of primary sweat secretion as
the most precise indicator of the thermoregulatory sweating threshold. Furthermore,
whilst low thermally induced secretion rates measured using these techniques were well
correlated, when a more profuse sweating was evident, the skin conductance
measurement became saturated. Therefore, the use of techniques with greater sensitivity
(skin conductance) is essential for a precise evaluation of small changes in sweat gland
activity which are not necessarily followed by discharged sweating, but the ventilated
capsule method should be used for the continuous evaluation of higher sudomotor
responses.
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APPENDIX B: PHARMACOLOGICAL BLOCKADE OF SWEATING - PILOT
TRIALS

B.1 INTRODUCTION
As part of the last study of the current investigation (Chapter 5), blockade
experiments were initially conducted using hyoscine (scopolamine) as the cholinergic
antagonist. This agent was chosen because there was an indication in the literature that
it would display similar peripheral (muscarinic) actions when compared to atropine
(Shelley and Horvath, 1951; Goldsmith et al., 1967; Parkes, 1965; Craig, 1970; Golding
and Stott, 1997), which is the most commonly used drug to suppress sweating (Chalmers
and Keele, 1951; Wolf and Maibach, 1974; Kolka et al, 1989). In addition, its action
seemed to be more specific, with greater selectivity for blocking sweating over the
cardiovascular effects. Moreover, hyoscine could be orally administrated in the form of
non-prescription travel sickness tablets (Kwells® tablets containing 0.3 mg of hyoscine
hydrobromide; Bayer Consumer Care). Therefore, by choosing the cholinergic antagonist
hyoscine, we expected to observe significant suppression of sweating, comparable to that
generally reported for atropine blockade, but using a non-invasive route of
administration. This would be less onerous on the subjects than a systemic injection of
the alternative atropine. Unfortunately, the hyoscine tablets did not cause the expected
significant changes in either sweat secretion (suppression) or heart rate (increase) in two
pilot tests using different subjects. Thus, this cholinergic antagonist had to be replaced
with atropine, as the Human Research Ethics Committee of the current university did not
authorise an increase in the dose of the former agent.

B.2 PILOT TRIALS USING HYOSCINE HYDROBROMIDE
To examine the effectiveness of the anticholinergic suppression of sweating caused
by hyoscine, two pilot trials were carried out, with two male subjects (Subject A: 50 y,
80.6 kg, 171.9 cm; Subject B: 37 y, 71.8 kg, 177.7 cm) participating in one trial each.
In these experiments, thermal sweating was initially induced during passive heat loading
(climatic-controlled chamber: 36oC and 60% relative humidity, and water-perfusion suit:
43oC). Then, the subject was asked to perform a cognitive task (mental arithmetic: 5
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min), and this non-thermal stimulation was followed by oral administration of hyoscine
hydrobromide (0.01 mg.kg-1). The trial was terminated approximately 165 min after the
drug administration. During this blockade period, the passive heating was continued and
the cognitive task was repeated two more times. Details with regard to the stimuli,
measurements and apparatus involved in these pilot trials are described in Chapter 5
(Section 5.2.5).

Figure B.1 illustrates sweat rates from the forehead, dorsal hand and finger, and
heart rate data from subject A (note: very similar results were observed for both
subjects). From these data, it was evident that both thermal and non-thermal stimuli
provoked increases in sweat secretion from all sites prior to the administration of
hyoscine. Surprisingly, the impact of this anticholinergic agent upon either sweat
secretion or the cardiovascular response was minimal or none. Therefore, as only slight
suppression of sweating was apparent in different subjects following oral consumption
of 0.01 mg.kg-1 of hyoscine, we considered it essential to increase the dose, but this was
not approved by the Human Research Ethics Committee (University of Wollongong), due
to the increased possibility of observing undesired centrally mediated reactions (Corallo
et al., 2009). The decision of the Committee may perhaps have been unnecessarily
conservative, as this was mainly based on one case reported in the literature (Corallo et
al., 2009) that, although serious, was also an extremely unusual situation. Indeed, similar
adverse reactions were very unlikely to take place during well-controlled laboratory
conditions, but we had to accept the Committee’s resolution and use a different
anticholinergic agent in our trials.

As atropine does not cross the blood-brain barrier (hematoencephalic barrier) as
readily as hyoscine, this antagonist was not expected to cause adverse (central) effects
(Parkes, 1965; Shutt and Bowes, 1979). Accordingly, hyoscine was replaced with
atropine and, after receiving ethical approval to do so, pilot tests were re-started (using
atropine).
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Figure B.1 Sweat rates from the forehead, dorsal hand and dorsal finger, and heart rate
data from subject A (50 y, 80.6 kg, 171.9 cm) during passive heating, prior to, and
following oral administration of hyoscine hydrobromide (0.01 mg.kg-1 = 0.8 mg). In
addition to the thermal stress, mental arithmetic (M: 5 min) was also used to stimulate
sweating on three occasions.
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B.3 PILOT TRIALS USING ATROPINE SULPHATE
Four pilot tests were conducted using atropine to inhibit sweating, and these were
essential for the final design of our blockade experiments (Chapter 5). In particular,
during these pilots, the effectiveness of the suppression of sweat was observed. In
addition, these trials also focussed on the blockade duration, the sites from which
sweating responses would be examined and the non-thermal stimuli to be applied. Also,
it was useful to evaluate the severeness of some other side effects frequently induced
atropine, such as pupils dilatation, dry mouth and increased hear rate. Most importantly,
pilot testing allowed us to adjust the magnitude of the thermal load (increase in body
temperature) according to the cholinergic blockade (dosage), since observations from
these tests indicated that the cholinergic blockade was apparently overcome when body
temperature rose indefinitely. Details with regard to the stimuli, measurements and
apparatus involved in these four pilot trials are described in Chapter 5 (Section 5.2.5).

B.3.1 Pilot trial one
In the first trial, the main aim was to observe the general impact of atropine upon
sweating from several skin sites. That is, we needed to know if sweat rates would be
completely inhibited. We also needed to know how long it would take for the drug’s
action to become evident and to disappear, which side effects would be more pronounced,
and whether non-thermal stimuli would re-establish sweating in atropinised individuals
(assuming there would be at least some sweat suppression due to atropine prior to these
stimuli). Furthermore, whilst evidence from the literature indicated that the maximal dose
required should be (0.04 mg.kg-1; 2.8 mg for a 70-kg person), we needed to confirm if
this would occur under the specific experimental conditions of our project. Finally, in this
pilot trial, we also examined if an increase in the atropine dose during the trial would
cause either further suppression of sweating or further increments in the heart rate
response. Thus, an initial dose of 0.03 mg.kg-1 was intravenously administered (hand
vein), with a complementary 0.01 mg.kg-1 of atropine delivered after steady-state
suppressed sweating became apparent at most skin sites investigated.

In summary, the experimental protocol was as follows. Passive heat loading (feet
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immersion and water-perfusion suit (42oC)) was used to induce sweating while the subject
rested in a climatic-controlled chamber (26oC and 50% relative humidity). After sweat
secretion was initiated, dynamic exercise (cycling; ~100-150 W) was performed by the
subject to induce further increments in sweating. As sweating became profuse, the initial
dose of atropine (0.03 mg.kg-1: 1.94 mg) was administered and, following apparent
maximal suppression of sweating at most skin sites (~20 min after the injection), the
complementary dose (0.01 mg.kg-1: 0.64 mg) was delivered. Then, psychological (mental
arithmetic: 5 min; painful sensation: 15 s) and exercise stimuli (isometric handgrip: 30
s; cycling: 10 min) were applied, and the trial was terminated at 160 min. Heart rate,
auditory canal temperature, skin conductance and sweat rate data (from two
representative sites) from this subject are shown in Figure B.2.

From these data, it was evident that sweating was completely suppressed 5-15 min
following the first atropine injection. Therefore, the second injection did not provoke
further sweat inhibition (Figure B.2A-B). In addition, increases in sweat secretion from
the forehead, dorsal hand and forearm, and skin conductance from the dorsal finger were
observed in the atropinised subject approximately twenty min following the delivery of
the second dose of atropine, while secretion from the chest and the volar finger remained
unchanged. As the re-establishment of sweating in some skin locations took place only
a few seconds prior to mental arithmetic, and thus, the anticipation of this non-thermal
stimulus by the subject could have accounted for the increased sudomotor responses
evident during the cholinergic blockade. Further regional variations in sweating were
apparent, as secretion from the forearm, dorsal hand and fingers continued to rise until
the trial termination, but that from the forehead and chest was very low after the
blockade, nearly returning to basal levels at the end of the experiment.

The substantial increase in heart rate (>40 b.min-1) induced by atropine, which
was sustained until the completion of the trial, indicated that the action of this drug lasted
at least 73 min (Figure B.2C). However, since residual sweating was observed during this
period, one could suspect that atropine concentration was reduced at the glandular
vicinity, and thus, the blockade was not effective particularly on sweating. Another
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Figure B.2 Sweat rates (B.2A), skin conductance (B.2B), auditory canal temperature and
heart rate data (B.2C) from one male subject (32 y, 64.6 kg, 166.5 cm) in the
thermoneutral state (TN) and during passive heating, prior to, and following atropine
administration. The first (0.03 mg.kg-1) and second atropine injections (0.01 mg.kg-1) are
represented by the vertical dashed lines. Four stimuli were applied throughout the trial:
cycling (C), mental arithmetic (M), painful sensation (P) and handgrip isometric exercise
(H).
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plausible explanation for this unexpected sudomotor response could be its non-thermal
origin, possibly involving neurotransmitters other than acetylcholine (Robertshaw et al.,
1973, Robertshaw, 1977). Nevertheless, whether these increased sweating responses were
exclusively non-thermally mediated, they should have rapidly returned to pre-stimuli
levels when the stimulation ceased (Kondo et al., 1999; Chapter 3), but this was not
currently observed (Figure B.2A-B). On the other hand, this secretion could be simply
a result from greater acetylcholine release due to further increases in core temperature
that occurred after the administration of atropine (Figure B.2C), as the this blockade
significantly prevented evaporative cooling.

B.3.2 Pilot trials two and three
After observations from the first atropine trial, further pilot testing were required
to investigate the effects of atropine upon sweating from glabrous and non-glabrous skin
sites, with and without further increments in the thermal drive (body temperature) taking
place after the atropine injection. In this regard, we considered it essential to evaluate the
sudomotor responses while clamping body core temperature, and this was accomplished
by modifying the temperature of the water perfused into the water-perfusion suit, and also
that of the water for the feet immersion. This core temperature clamp should allow us to
separately observe the impact of non-thermal stimulation on atropine-suppressed
sweating. In particular, in these two pilot trials, we tested the hypothesis that increases
in the thermal drive accounted for the re-establishment of sweat secretion observed in the
preceding pilot trial (Figure B.2) after this had been blocked by atropine. Accordingly,
thermal sweating was established (passive heating) for ~1 h prior to the intravenous
delivery of atropine (0.04 mg.kg-1). In one trial (Figure B.3A), exercise (cycling: 7 min)
and psychological stimuli (mental arithmetic: 5 min) were applied ~10 min following the
atropine injection, while in the other experiment mental arithmetic (5 min) and handgrip
isometric exercise (1 min) were performed both prior to, and following the establishment
of the cholinergic blockade (Figure B.3B). However, the main difference between these
experiments was that core temperature increased throughout the whole trial in pilot test
two (Figure B.3A), but this was clamped following a 0.3-0.4oC increase due to passive
heat loading in the other experiment (Figure B.3B). This clamp was removed ~15 min
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after the last non-thermal stimulus. As it can be seen in Figure B.3, increases in sweating
during these investigations, were observed only when body core temperature was not
clamped. Indeed, observations from the first three pilot trials using atropine strongly
indicated that increased sweating during the cholinergic blockade was induced by further
increments in body temperature (~0.4oC) causing a cholinergic break through, and not
by the non-thermal stimuli applied (Figures B.3 and B.4).

B.3.3 Pilot trial four
Finally, a fourth pilot trial was conducted to improve the core temperature clamp
procedures, to determine the magnitude of the thermal load to be used, and to finalise
details regarding the stimuli and skin sites to be investigated. In this trial, the subject
rested (supine) in the thermoneutral state (climatic-controlled chamber: 25-26oC and 50%
relative humidity) for 10 min prior to the application of three non-thermal stimuli: painful
sensation (15 s), mental arithmetic (2 min) and handgrip isometric exercise (2 min).
Then, passive heating was initiated (at 25 min), and this consisted of feet immersion in
heated water (40oC) and water-perfusion suit (45oC). Following a ~0.5oC increase in
auditory canal temperature and the establishment of thermal sweating, core temperature
was clamped (by changing the water temperatures for the suit and feet immersion) and
the non-thermal stimuli applied for the second time. Then, atropine (0.04 mg.kg-1, 3.11
mg) was administered, and, when full suppression of sweating was evident, the pain,
psychological and exercise stimuli were repeated. Figure B.5 shows data from this last
pilot test, and these include heart rate, auditory canal and sudomotor responses.
Sudomotor responses from the forehead, forearm and dorsal hand were completely
inhibited by atropine, and the non-thermal stimuli did not re-establish secretion from any
skin site while auditory canal temperature was kept constant. Indeed, although the body
core temperature clamp was not as precise as planned (with variations up to 0.25oC), it
was sufficient to prevent increases in sweating following atropine infusion. At the end of
the experiment, this clamp was released, and increased sweat rates were again apparent
at the forehead, forearm and dorsal hand. Thus, it was evident that these sudomotor
responses were associated with the increments in auditory canal temperature that took
place after the clamp removal.
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Figure B.3 Auditory canal temperature, sweat rate (forearm: B.3A) and skin conductance
(volar finger: B.3B) from two pilot trials (Subject A: 50 y, 80.6 kg, 171.9 cm; Subject
B: 43 y, 99.7 kg, 172.4 cm). In each trial, a thermoneutral resting period (TN) preceded
passive heat loading (water-perfusion suit and feet immersion: 42 oC), during which
atropine (0.04 mg.kg-1) was intravenously administered (vertical dashed line). Only in one
trial (B.3B), core temperature was clamped for approximately 110 min. In addition to
passive heating, cycling (C), mental arithmetic (M) and handgrip isometric exercise (H)
were used to stimulate sweating.
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Figure B.4 Relationship between body core temperature (auditory canal) and sweat rates
from the dorsal hand and forearm from one male subject (43 y, 99.7 kg, 172.4 cm) prior
to and following systemic administration of atropine (arrow). Passive heat loading (waterperfusion suit and feet immersion) was used to drive the individual’s core temperature up.
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Figure B.5 Sweat rates from the forehead, forearm and dorsal hand (B.5A), auditory
canal temperature and heart rate data (B.5B) from one male subject (56 y, 77.7 kg).
Three non-thermal stimuli (painful sensation (P), mental arithmetic (M) and handgrip
isometric exercise (H)) were applied in the thermoneutral state (TN) and during passive
heating, prior to, and following intravenous administration of atropine (0.04 mg.kg-1;
vertical dashed line). Body core temperature clamp was established between
approximately 65-143 min. The dotted line indicates the time at which this clamp was
released.
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B.4 CONCLUSION
In summary, the pilot trials were essential to:
(1) define the cholinergic agent to be used (based on its effect on sweating);
(2) evaluate the magnitude and duration of the blockade;
(3) adjust the magnitude of the thermal load (increase in body temperature) according to
the magnitude of the blockade (dose);
(4) observe and record the side effects caused by the drug;
(5) define the non-thermal stimuli to be used;
(6) choose the skin sites to be investigated; and
(7) fine-tune all experimental procedures.
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